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Quantum Error Correction

Tackling the Error Problem

in Quantum Info. Technology
AR RHY

0] & £ Seung-Woo Lee
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Past and Current Status
of Quantum Info. Technologies

US| A& 7s/d ol U (1960 ~)

Early Quantum Information Science
1960 2000 I I

Peter Shor (1994): &
20 9% Y n2lF

Bennett & Brassard (1984):
BB84 YA} 7| ZH| =
Peter Shor (1995): & Xt

LEN¥Y AL

Rolf Landauer (1961):
"Information is physical’

=C|H FE 0|2
Richard Feynman (1981):
&AL Al 0]4 & 2t

2EEEZ
David Deutsch (1985):
3/22
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Proof-of-concept scale

We are now
in NISQ era

amazon Q1ioNa

Honeywell

Noisy Intermediate-scale
Quantum (NISQ) computers

Noisy Intermediate-Scale
Quantum (NISQ)
- era of quantum computing

o ; o Eletel with a limited number of that
ver continental scale ault-tolerant are susceptible 1o error.

Quantum Internet Universal Quantum computers

4/22

. - AL H —_
NISQ A[CH: ZRFA|AH 10 7[=9] & (2010 ~ HAAY)
) Google Al
@ dozens to hundreds qubits ° Quantum \aWSA, Q
'.g 10+ ,./ QUANTINUUM
3 ; IBM Quantum PsiQuantum
S w A
[
: > Q
Q‘ o e
s 0 Computlng Inc IONQ “gEttI
o
Q
§ 10" _— Sy/ @X/\N/\DU W ALiceceos ngp&inAg
. 2 SC (fixed) N, PASQAL @ Inflegtion
1995 2000 2005 2010 2015 2020 2025 203 S
Tme (QUANDELA
Riverland report 2024.10
Global Race to develop
But 0/F 3] Z2(Noise)Z} 2 (error) £ 27 | Quantum Computing
8/22
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Error Problems
in Quantum Computing

QXL HEfOf 3 E WE(FHE)

o« 1M MH X2|:bit 0or 1 A

« YA HE M
Quantum bit (Qubit) 01} 12| &4

Qubit
0

Bit Pbit
0

O
1 1
{00, (L-p):1} alo) + Bl1)

Ftats: Ooul

! .
l¥) =cosE|0) + ¢ sing 1)

| cos (8/2)]* + e sin (8/2)* = 1

1/22




FHLE 1. SA 7 HY -

OFX} ALE o-l OIE:IIE_| MHEHIE = *I}I )|

- Environmental decoherence

Error! &(p) = treny [U (p ® penv) U*]
- Coherent quantum errors (gate)

perror ~ (N6)2

P(|0)) = cos*(Ne) ~ 1 — (Ne)?,
P(|1)) = sin®(Ne) ~ (Ne)?.

0 +80 ) 6+ 460
U(86,89) |v) = 0) + @0 sin —— 11
(86,8¢) |¥) = cos 2 10) +e s — I « FHEE= 27E2| e decoherence)
=l [y) + axX|¥) + azZ |¥) + axzXZ ) O WMstE L O|=, EAT S A

O|EQIMEOR RV} &A UM
-Bitfliperror  X[y) =aX|0) + BX|1) =[1) +B10) . ojojo| 2= X(bitfiip)2} Z(phase-fip)
Phase-fliperror Z[y) =aZ[0)+ BZI) =a[0) = B11) 2 decomposed
8/22

THIE 71 BOIX|H @ § 7} w2 ) Mg e

—& T Y P—

Fan)
N
-
an
A

ﬂ Error

| 289 K45 57h

Number of
physical qubits

with errors Fault-tolerant
Error in Errorsin — grv—
Single qubit Multiple qubits o

9/22
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H E(0f BMsl= Q EE Z0| = HiH N N
= = Choet YRt R eIt 7|
Preparation In-line processing Post-processing
ko EL—EHJ \AJ_ (/
) nHr v
y—TnHrHr Ivd i ~
) ) Quantum Error
Dynamical Decoupling (DD), Mitigation (QEM)
Randomized Compiling (RC), - extrapolation,
or Twirling T

A 43 31 2 31X 0{2{2 (fault-tolerance 2 7

-

10/22

-HST

%ol UT HEE & YK 015 THE oAl

U7Xt 2 2 H ™ (Quantum Error Correction) 78 22

Recent numerous evidences!'234 have shown that
el achieving quantum advantage in NISQ era is challenging,

: highlighting the critical need of developing QEC
Proof-of-concept scale toward fault-tolerant quantum computing.

[1] “Limitations of optimization algorithms on
NISQ era noisy quantum devices”, Nature Physics 17,
1221 (2021).
[2] “The Complexity of NISQ”, Nature Comm.
14, 6001 (2023).
[3] “Classical algorithm for simulating
experimental Gaussian boson sampling”,
Nature Physics 20, 1461 (2024).
[4] “Exponentially tighter bounds on
Fault-tolerance imitations of quantum error mitigation”,

Noisy Intermediate-scale
Quantum (NISQ) computers

Correction

FM'(!

Fault-tolerant .
Universal Quantum computers o Fliysles 20, O

11/22
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LR FEE M

Introduction to
Quantum Error Correction

OkX} @ EXH Quantum Error Correction (QEC):

-

BEESof2] 7] 22| FH|E = Y E IX S0 L= sio], Y= 2R E

BIHOE WA £HE 4 U=

Figure from
Riverland report
2024

gl 7fe £/ 7H/E =c/ 7H/E
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= X[23b3 SHEHHEEEES| S0=2 Y
AT BN 8 T
-Decoding,

Synd
Mef;uza:nt Recovery oy

%) El) PE) RE) [¥)

Encoder
" -/ S R—=REY),
4 [+
0y L ) = Decoder
QEC process should be repeatedly performed throughout the computation
14/22

orxtgaﬂm (QEC)Ol :I_EI IiEx:I E_I QEI-II-I_TI_I: [t%ﬁl
Ox} @ 2HH
- UEE 9olo| Yuol BH7t 8IS

1M QEXMH
o3 27 7t 75
Udone(1¥) ® 10) % 1) ® 1)
No cloning theorem

7} 27}X| bit-flip & phase-flip

EEETL
0100110011
0100110011 — 0100110011
arbitrary duplicated 0100110011 QB0 =
* T ST
- BOHX| 2R T Y . 1 Vs X|y) = aX|0) + X [1) = a|1) + B |0)
bit-flip error only ZY)=aZ|0)+BZ|1) = «|0) — B1)
simultaneously
- YHE EE% HOIE (S E) . UHEIMEEgon (W) HE
x 5l7 P
SE0| He7t S 7} Ar2FE (2R *EH £1)) Collapse
0100110011 -» 0100110011 0) D Readout 0’ or ‘1’
—&—[) Readout 0’ or
15/22
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7 22| FHIEE S0,
ms)  =C|FHEON Y SE

7 H xl:l Collapse

a| 100) + ﬂ|011) Error Detection. Not Correction.
'1 +1 EE ﬁ.Hl E Error Z]Z2 Z2Z3
;78 No Error 1 1
Xo -1 -1
X3 1 -1

/z1 AN

/22 Zs

|100) + B|011) |000) + S|111)

16/22

CiQFot A RHH 3

I L (QEC code)
9 Qubit Code (P. Shor 95) -bit and phase flip correction

C = [[n,k,d)]|——

T : # of physical qubits

1 k : # of logical qubits
[0), = ﬁ(IOUO) +[111))(|000) + [111))(|000) + [111)) o g 'qu )
4 d : minimum distance in C
11} = 75(1000) - [111))([000) - [111))(]000) — [111)) (minimum weight of logical gates)
7 Qubit Steane Code (A. Steane 96) Calderbank-
Code rate R=k/n
» Examples - [7, 1, 3] Steane code Shor-Steane c tabl t. d=2t+1
(CSS) codes orrectaple error i, a=
stabilizers X4 XsXeX; HIXXXX
XoX3XXs IXXIIXX Topological 2-D Code (A. Kitaev 97)
& X1 X3X5X; XIXIXIX
'o % 2%:2 :’Z’ZZIZIZ - defined over a 2-dim lattice of qubits
@ @0 2123257, 21z1z1Z . y‘ 'L
Logical X operator X1X2X3X4XsXX7 XXXXXXX
Logical Z operator 2,2,2,2,2:27, 2722277 X
! Colu unss s e/ b
wus ¢ f gubityZled —[0T0 0 [ERENENENO]O]C 0 [0 4
X ﬂé1gﬂ61 0|00
1 1 1 1
T afsletelaleloaleloRNITY -
ololololololo Toric, Surface (Planar Surface)
Logical X operator : Gy RIENE R RE NN ﬂnnnﬂﬂﬂ . 1 . 1
i : https://errorcorrectionzoo.org ; Various QEC code

17/22
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H|23b3| SHRIMEERS| S0E2R2 YAEEY s +20H
UXLO SOl BH; A G S AAHO| HHE QBT CHEIX| U1 2t
Concatenated Codes Ixk ) Logical A
b-thresholds *
Physical qubits T, Error Sub-thresholds
W (level 0 or physical level) .
' g logical qubit E
ey : —o—d=3
) ! . -8 d=5
logical qubits .
(level 2) E ——d=17
Constructing a hierarchy of 2
¢ :;\:srucnnga erarchy of >

Nature 614, 676-681 (2023)

Increasing the si

Threshold / Physical Error

. #of qubits involved in each . H :
the code while check & Goal of QEC is achieving
maintaining the cplie #of checks acting on each

structure

Perr

constant

357
distance

qubit are bounded by a

sub-thresholds

= exponential suppression of
logical errors as dincreases

18/22

OkX}Q EMHo| A& MOl AH. 7| XX 0l

[Nature. 605, 675 (2022)]

©0000000:sarzss *

T-qubit color code logical
qubit and operation
Ion trap
605, 669 (2022)]

[Nature.

PERINUNY !
ecccccee
|

[

FREEERRRRRERRRE

17-qubit surface encoding
Superconducting

7| % QEC protocol/encoding == Break-even &
* Breakeven: =2| FHE Q5 80| E2| FHE 281t

[Smence 383, 289 (2024)]

GKP code ;néo:fiihd
Photonic (Bosonic)
[Nature. 616, 50 (2023)]

—

- 0
A qubt ) el
osonaar{ |0}

No.2
)

CKP and real-time QEC
Superconducting (Bosonic)
P42 +F

=
%g

AR

T
Article [Nature. 626, 58 (2023)]
Logical quantum processor based on
reconfigurableatomarrays  Neutral Atoms
a d

Number of physical qubits per Bell pair

Logical qubit storage Ancilla qubit reservoir
26 74 146
5 04
5 ¢
3 E 03 °
@
% 0.2 - Conventional decoding
8 011
s o Correlated decoding
fi 0.09 N +
30 .
g
;5 g 007 +
§ 3 5 7
Surface-code distance d
- 280702 E2|FH|E2 ag7H2| =2| FH|E Y= Kby 3D

[[8,3,2]] detection code)2} £ 21X 9! logical operation T-&

Up to 280 qubits (rubidium —
atoms trapped in 2D array) Cha“i’*‘i‘ are gl fuﬂkﬂ A
- Surface code - Color code 2F8 = 8 ojg 1?/ 2

12
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Article
Quantum error correction below the surface
codethreshold [Nature. 638, 920 (2025)]

Google Quantum Al and Collaborators*

. 105749] 22| RH|E2 40 =3 RH|E 7 . Willow
. BHEXOl QR A8l

* Leakage 27 A7

. Distance Z7101.E @ E0| K|4HQl ZtA Tt

B Ck A X a d=3
?_:IIH EAO.I TE== 0. 030 ¢
e o
TERE o 4
9 9+ 4! Q
=2 FUE U ffn
H = A S 8™
e QR Y ’[n" ‘n g
o 3 ¢ <]
©
3 g
-
In o‘n Mebaf“’e S Y d=3(2023) & d=5(2023)
¥ < quol 0.1 v d=3mean ® d=5mean
* L
Superconducting 1€°,n RON jl. | Loakae ; = Med I qubit @ d=7
. 2% yux - ~3 - emova £ - .= Best physical qubit 105Q
qubits T 70 - 470 - 4 (R b o e e e
0 50 100 150 200 250
Quantum error correction cycle, t 20/22

S SXHIE 7| 2 (NISQ S A2 %X FTOC by QEC

Not pursuing Differentiation

307
Scalability of quantum systems a3l
30.9%

Quantum hardware performance (e.g., 185
coherence time, 2-qubit error rate) 20.0%

F——
Networking il auantum computers [N 5,
—

0% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 22% 24% 26% 28% 30% 32% 34%

Implementatior % of Total Count

Prioritisation

29 Leading Quantum Computing Companies’ Survey on ‘the most significant current challenges of
approach to QEC (Riverlane report 2024.10), Quantum Computing’ (Quera survey 2024.7)
Now, most quantum computing Majorities of quantum communities regard the
companies are working on QEC. scalability and QEC are the most significant
Only 10% hold the NISQ Strategy. current challenges in quantum computing.

21/22
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Fault-tolerant $ X7 £ & (FTQC)S 2[5t o Z 2HH
decrease -
\/ Sub-thr eShOId / ’ increase

& —o-d=3

; —od=5

Ta o—d=7
Pphysical

-P<Pth
A ARNZE)size7t HX|H 2F ZA

i Quantum Error
, Correctlon ZE]
. . [M 2d5t= 2 7S 1
_ QEC era is just beginning” =71 a1z
Challenge toward FTQC
Ih= m7HR| 2 M EE X2 2R

- d=5 Surface code [41,1,5]0| A{ 2#0= 1022 | O| E{ K| 2|
Minimum weight preface matching
(MWPM) for Surface code

S7HEH

22/22

v’ Overhead
- A|Zkat 374 K12 Overhead?| Exponential 5
£t 2 pLDPC but non-local connectivity

Fault-tolerant
- Constant Scale

Universal Quantum computers

14
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X2353| SHEHHHEES| S0|22 YAEEY S +20
OFXI=74 = - AL B2 O
SIAIEAFH7I FA0 A= =410
1. Mo AREZt 4E5HA| X5t =X E Alltstes T
(a) %W =X
(b) 1 =4 SOHM AMEHE7 =2 22X (O, e E[H 2}
4 AMERE
2 NP problems \
A B P problems _
\ ————— Ni—elson&Chuang (2000)/
2. ¥XEEHEZ e TR (FXF S 27| Al = Quantum Mother Machine)
ax (= O ”
S & IP 2B FE"2 LHE 0|8
= EI S X A FH (Rydberg atom array)
T =28 E& 2 X B EH (optical tweezers)
% c2l&H 1 AKXt (Rydberg atom) : Ot0| 2 & AJ| | Xt (= 2= ~100)
% ZEH E (optical tweezertrap) : S0 H2Z e & IPE Hof&
s =3
(1) &S (accuracy) It =0 €« S22 R itel=IF 2L
(2) &40 EL S (dx/x)2t =0 < 2lEH D XS 2D((x)It 20
(3) YAHSHA &AL 2 AH T = £ (x, dx/X)
o IE
(1) FHIE Izt OH < = Ct (010l 600021, Z=0F2F 10,0000 = 10})
(2) HLELIHO|I NP-Z X 2F 2 EBHAH 2te ST
(3) FUIEQ X H&S MBHX (S&E RUIE)
% ST OIHEA IS GAHCH@10E), H2AOEX 20 (Bt=2=2 AUl Z 3F2)
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FHUE 2. SHUR YRARY =

AU AT AT} FHES B8

ECD

K. Kim et al.

, Scientific data 11, 111 (2024). Paris—Saclay + Pasqal (2024).

Caltech group (2024)

USTC (2025)

Atom computing (2024).

S o ] A HIE2IA H L
ZLENZ MOLGH 2K 0l & X+ BH X |
2b21 ¢ =290 pm, X HLUE Ax< 0.1 pm e g

15 um

Ninitiaqr = 100 - Nfinal = 50
KAISTHI A == 228 (01= S5 &

=)

W. Lee, H. Kim, JA, Optics Express 24, 9816 (2016).
H. Kim and W. Lee et al., Nature Comm. 7, 13316 (2016).
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a Hyperboloid (90 sites) b Mabius strip (85 sites)

x0.1 speed

¢ G, fullerene-like (84 sites) d Cone (100 sites)

. f Eiffel tower (126 sites)
Lee et al., “3D rearrangement of single

atoms using actively controlled optical
microtraps,"Optics Express (2016).

Barredo et al., “Synthetic 3D atomic 1o
\

structures assembled atom by atom,” D — ¥ /\\%‘
Nature (2018). Le=110um -\,

RN AR T
01K X 2t
BN AKX L
AT TR D1
At AT 74

AN

[}
1
1
1
1
1
[}
(=
1
1
%
A
1
1
/ X 4

Hyosub Kim, Woojun Lee, et al., "In situ single—atom array synthesis using dynamic
holographic optical tweezers," Nature Comm. 7, 13317 (2016). > US PATENT (2019)
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2 XHE bH XI5 0d

L= )dol= &

(N,N1Ny), = (aya9)2(b1bg)-

multiplication table

@ No = aghg =0
®N1: a0b1 + albo =N
@ NZ = a1b1 P a0b1a1b0 =1

al a0
b1 b0 Conjunctive normal form
aOb1a1b0 a1y (@ + bo)(aq + bo) = 1
a1b0 a0b0 SAT Boolean expression
alb1 alb1 Y = Cl/\CZ/\C3/\C4
C1 = aq
alb1 aOb1a0b0 C2=b
@ @ C3 = C_l()VbO
aOb1a1b0 a1b0 C4 = ayVby
o = =1 = A By o =
S XS i XIGHH 2~0Cl~ Zoll =M S

6 =
(N2N1Np), = (aya0)2(b1bo)-

multiplication table

al a0
b1 b0
aOb1a1b0
a1b0 a0Ob0
alb1 a@bT

alb1 a0b1 a0Ob0

© D
aOb1a1b0 a1b0

@ NO = aobo =0
®N1: a0b1 + albo =
@ NZ = albl ar aoblalbo =1

Conjunctive normal form
albl(c_lo ar bo)(ao + bo) =1

SAT Boolean expression
¥ = C4AC,AC3A\Cy

Ci=a
Cz=b
C3 = doVEO
C4 = a()VbO

19
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Hi XIotd & Q1= 2ol S M=
T2 ])dol= gy
Cy C,
3
(e}

o =
A=
6 =
. C
Q
§ D— .z
9 : : T2
2T
C4_ om;?%—
5, %&

(N,N1Ny), = (a1a9)2(b1bg)-

@ NO = aobo =0
@ N1= aobl + albo =1

@ NZ - albl + aoblalbo - 1

Conjunctive normal form

albl(ao ar Eo)(ao + bo) =1

|a1,b1,6050b0a0)
[¥) =11,1,0101) + |1,1,1010)
2x3

6=3X%2

C — 0.15
1= a4
0.1
05
JIlII.I‘II ul
o 10 20 30

Co=b
C3 = a,Vh,
2ISH I AXKOHOIAZ 0IE 2I1)2

Ll..
40

SAT Boolean expression
Y= C1/\Cz/\C3/\C4

C4 = (10Vb0
Jeong et al., “Quantum computing of 3-SAT...”, (2022).

s

A ASEE > X 9B

— [r>

-®- O
Atom1 Atom?2
2| S8  UXEAIXE S A
Rydberg-atom dipole-blockade effect

276/E SIAF & & 4 E

[Y12) = /1/2 (Ig)1lr)2 + IT)119)2)

20




FHEE 2. SR RARE =

NS YU BHE FOX AT 6(ve) Y SEHHEHIICE AN Y2 42 BAE) &
9

IS 2A S L E#E g

STTTT

5 {3,5} {2,5} 2,4} {1,5} {14}

Max-independent-Set (MIS) : {3,5},{2,5},{2,4},{1,5},{1,4}
MISL (length of MIS) = 2

S YN E Np- 2 F 2T

2 2lie = |
clEHI A JHEC L2 ELIC2 I NSE S I LEotH 2E S

==

12679] Exte| UxIeiE U

2126 — 1038
Parallel computing

Experimental
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= “Warm-Start
=X 2| + XXt A
0| X7} QI YR ZEE HO|EE 1N HEL

QESA on AQC

LN0ILE (=)
. Approximation ratio

0000 N=60, Epoch#=0,0.5N,N,2N |
¢ ¢ 0 ¢ N=80, Epoch#=0,0.5N, N, 2N
# % # % N=100, Epoch# =0, 0.5N, N, 2N |

*

T T T T T T T
T
9] .4 ) ool
08| 4 08|
. “
o7f ) 07
' )
061 Bos|
5 1.
0sl. <%}
4

04 00,4 L

03] , 03

02| . 02

0000 N=60, Epoch#=0,0.5N,N,2N
& , 4666 N=80, Epoch#=0,0.5N,N,2N -
&l % % % % N=100, Epoch# = 0, 0.5N, N, 2N :
0 T 0 o
0 01 02 03 04 05 06 07 08 09 1 0o o1 02
SA

Seokho Jeong et al., “Quantum-enhanced simulated annealing using

05 06 07 08 09

SA

03 04

Rydberg atoms,” preprint (2025).

(HD/N) = 0.32
(HD/N) = 0.21
(HD/N) = 0.15

F T
10° L
k3
=) S F =
‘i 10 E g ’_;::‘;;::c-‘”:fﬁ
1= =
P S
=21 3,3' P
S 10°L|2 E==:
I A
= - 10m
S N 0 T g0
= < L
5 10°L
= &
= 1]
w ' EEmE——
.% e
3 &
5] o o
S e /G’gé/ 1
D: = o ’ SA
= = ] 7 o
—1 -
10 | .
E 7
E *
b 17
102 1 £

(HD/N) = 0.07

PR |
10°
N
Seokho Jeong et al., “Quantum-enhanced simulated annealing using

10*

Rydberg atoms,” preprint (2025).
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A=

() =4 AT ANEIE I} =2(7) 2D AL

() 2X =TI} IS W20t

(3)ESs 22X H0| UL,
—Mﬁ%i*“mwoxﬂ
O HY ELIOH ZE 5 =3 2RI BRI
_== 2H|E oA 0l HEstCH

(4) B2 J|aR AR 22T} UCH
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Quantum Computation and Quantum Information
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2001 KIAS YAt AFE YxPH 23|

Workshop on

November 1-3, 2001
KIAS International Conference Hall, Seoul, Korea

Invited Speakers

» Bouwmeester, D. (Univ. of Oxford, UK)
Cirac, I. (Univ. of Innsbruck, Austria)
Ekert, A. K. (Univ. of Oxford, UK)
Gilbert, G. (MITRE, US)

Long, G.-L. (Tsinghua Univ., China)
Polzik, E. S. (Univ. of Aarhus, Denmark)

http://conf.kias.re.kr/QuantumComp/

VOLUME 74, NUMBER 20

PHYSICAL REVIEW LETTERS 15 MaY 1995 VOLUME 75, NUMBER 25

PHYSICAL REVIEW LETTERS

18 DECEMBER 1995

(@)

(b)

FIG. 1.

Quantum Computations with Cold Trapped Ions

(a) N ions in a linear trap interacting with N different
laser beams; (b) atomic level scheme.
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nergy
for the operation, and the possibility of extending the system to more qubits appears promising.
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Demonstration of a Fundamental Quantum Logic Gate

C. Monroe, D. M. Meekhof, B.E. King, W.M. Itano, and D.J. Wineland

, Boulder, Colorado 80303
5)

it “controlled-NOT" quantum logic gate, which, in
ms a universal quantu
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180 270 360
Phase, ¢ (degrees)

HOIE A& 711% HO|E ¥3& 99.2%
Innsbruck group, Nature 422, 408 (2003) Innsbruck group, Nat. Phys. 422, 408 (2008)

E. Knill, Nature 463, 441 (2010).
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X| Ion Trap System @ Tsinghua
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1. Doppler Cooling and Ground State Cooling < 1 mK

2. Initialization
by optical pumping 1) Single-qubit gate

3. Quantum Operations

2) Two-qubit gate

4. Detection

F=1 ——
F=0 P
[4)
231/2
* Duration~ 1 ps

« Efficiency ~ 99.5%

— AXAX
Hiwo = J3,503 05

e p—
,,,,,,,,,,,, La I IDIYININITILY 1)
L =% -
SI(Z
F=0
[
& & |m.-em, I
F ), > e[1),
¢ | | .“ﬂ)
o & [, e, | =
. + Duration ~ 0.4 ms
, , |u>x - e‘¢|ll)x « Efficiency ~ 98.5%

S. Olmschenk, et al., PRA 76, 052314 (2007)

Trapped ions

Laser

Electron

Coherence time (s) = 5500 s
Two-qubit gate fidelity> 99.97%
Entangled qubit number: 50
Quantum volume: 22! (Quantinuum)
Algorithmic qubit: 35 (lonQ)

@2024 Dec

Experimental Platform — Trapped lons

* Coherence time

* Entanglement

50 (Quantinuum), 24 (Innsbruck), 9 (Tsinghua), 6 (Mainz),
5 (UMD), 4 (NIST, Tsinghua)

* Universal quantum computation

56 (Quantinuum), 35 (lonQ), ~20 (Duke), ~20 (Innsbruck)
* Quantum simulation

53 (UMD), ~50 (Innsbruck), ~16 (Tsinghua)

SHRX Al

10s (NIST), 50s (Oxford), 600s and 5500s (Tsinghua)
* Two-qubit gate fidelity 4t Mt

99.9% (NIST, Oxford), 99% (Tsinghua)

99.9% (Tsinghua using error mitigation methods)
99.94% (GTRI), 99.97% (Oxford lonics)

« Qubit numbers T8I
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171Yh* as the memory ion
138Ba* as the cooling ion

0 =12.641812 GHz
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Y. Wang, et al., Nature Photon. 11, 646 (2017) P. Wang, et al., Nature Commun. 12, 233 (2021)
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Scale up by Shuttling lons

D. Kielpinski, et al. Nature 417, 709 (2002)
“refrigerator” ions
suppress motional
decoherence
few mm
segmented
ion trap
electrodes
””” PRL 96, 253003 (2006)
PRL 102, 153002 (2009)
Nature 459, 683 (2009)
Science 325, 1227 (2009)
Nature Phys. 6, 13 (2010)
quantum < Nature 471, 197 (2011)
memory Nature 476, 181 (2011)
Nature 504, 415 (2013)
Nature 512, 57 (2014)
Nature 528, 380 (2015)
\
Science 364, 875 (2019)
“refrigerator” ions keep
the memory ions
Quantinuum Quantum Roadmap o A e V! o .
https://www.quantinuum.com/
ELIOS
QuDITS: 20 56 9 192 1000's
wvsicaL T g
2-QUBIT 1%x103 1x1073 <5x104 <2x10* 1x104
GATE ERROR
tueiTs: >12 ~50 ~100 100's
EE?EZM 1x103 <10+ ~10% 1%x105t0 1% 101"
(L1} [T (a) .
[T T [T ! Peunig| | p >
[ 111 [ 1] ——\ /—— 5? ) - Towm
o A N, “ () ° ©)
QW /1ot Gate .
l L] \I\III o ([ 17 1 7
ransport S S | R
o slel rreeor SILATALAT -
Gate ~@—@ >—6 AR AIIIIIAIIIII ..
@ /et —[:]— ~ 7 \/IIIII\//IIIII\/IIIII\ [[]]]
l tansport R Dk LT 11 i ———" 111111 }
a3 /1o Gate 100 0.6 6++0) s
Demonstration of the trapped-ion quantum CCD AiRce TrackiT g R 034
computer architecture, Nature 592, 209 (2021). Tace rack Trapped-lon Quantum Processor, PRX ( )
arXiv:2305.03828
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lonQ Quantum Computer
https://ionq.com/

lonQ Quantum Computer
https://ionq.com/ OIONQ
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2D crystal of ions
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Quantum Communication & Security

Joonwoo Bae

Korea Advanced Institute of Science and Technology (KAIST)

KAIST

Quantum Information 20 Years @ KAST
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1 Entangled Bit (EBIT)

s — 100) +|11)
V2

0—©0:

o3 Afef (2utsh)

1000) + |111)

V2

0
(100){00] + [11)(11])

<

o
prs = 5 100){00] + [11)(11)

P12 =

1

>

(/000)(000] + [111)(111])

DO | =

P123 =
sl o= Al
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‘ 1
Alice ‘ P12 = §(|00><00’ + [11)(11]) ‘ Pob

Eve

1000) + [111)
V2

1
p1zs = 5(000)(000] + [111){111)

Eve knows all about Alice and Bob

Alice ‘ ¢+ — |OO>\-/|__‘11> ‘ Bob
2

Eve

RUSH AT U papp = \gb"’)AB <¢+| ® pg  Eveisindependent to Alice & Bob

¢ D P(ABE) = p(AB)p(E)

Privacy, information-theoretic security (J=0|2% HOotY)
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Purification of Noisy Entanglement and Faithful Teleportation via
Noisy Channels

Showmore v
Phys. Rev Lett 76, 722 - Published 29 January, 1996  Erratum Phys. Rev.
Lett. 78,2031 (1997)

DOL: htps/doi org/10,1103/PhysRevLett 76.722

Quantum Privacy Amplification and the Security of Quantum
Cryptography over Noisy Cl|
David Deutsch', Artur Ekert', Richard Jozsa?, Chiara Macchiavello', Sandu Popescu?, and Anna Sanpera’

showmore v
Phys.Rev. Lett 77, 2818 - Published 23 September 1996 _ Erratum Phys.
Reu. Lett. 80,2022 (1998)

DO hitpsy/dol 0r9/10.1103/PhysRevlet.77.2818

Quantum Repeaters: The Role of Imperfect Local Operations in
Quantum Communication

H.-J. Briegel, W. Diir, J. |. Cirac, and P. Zoller
Phys. Rev. Lett. 81, 5932 — Published 28 December 1998

Bell

Teleportation; E

pping

PoC: Xt st
(X, ZX)

2010

Review Article | Published: 18 June 2008
The quantuminternet
H. J. Kimble

Nature 453, 1023-1030 (2008) \ Cite this article

v

Al
!

Letter | Published: 05 October 2006

Quantum teleportation between light and matter

Jacob F. Sherson, Hanna Krauter, Rasmus K. Olsson, Brian Julsgaard, Klemens Hammerer,

Ignacio Cirac & Eugene S. Polzik &

Nature 443, 557-560 (2006) | Cite ths article

Lette | Published: 02 June 2013
Deterministic quantum teleportation between distant
atomic objects

H. Krauter, D. Salart, C. A. Muschik, J. M. Petersen, Heng Shen, T. Fernholz & E. . Polzik &

Nature Physics 9, 400-404 (2013) | Cite this article

PoC: 1|
2020

Quantum internet: A vision for the road ahead

Quantum computing Leader ection. fastbyzntineagrertert,
computaton...
Bind guantum computing, impleeader
erhimiaencr eectonand agreement protocos..
Entanglement generation Devi independent protocols
Quantum ey distribution, secure
Prepareand measure e
uartum ey disibution (ho end o-end
Trusted repeater [ ] e I(
Stage of Examples of

fXnoaom

Entanglement distillation between solid-state quantum
network nodes
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(Entanglement Distillation)

£% 53
AR |2t
(Quantum Key Distribution)
ABE AB)p(E H|Qly| =2 T2 EZ- Cidtst O ™A
P(ABE) # p(AB)p( ). 27| 557 Z2EE: tE oF Y ~ p(ABE) = p(AB)p(E)
HIZ7|

Q=p(A#B)>0 MEN 27 M Q < Q.
2000 Shor, Preskill: 11%

2003 Gottesman, Lo: 18.9%

2007 Bae, Acin: 20%
2007 Kraus, Renner, Gisin: 20%

QBER: FHIE 2F&

2007
AR LS Hobdofl Cist AS Wil?
X} AENS 0|83 AT YAt S = off QP2
- Yxt Al 2= (No cloning theorem)
- Y%t 918l (entanglement)
-7
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2000 2010 2020
U1t A HE: Q< Q. _ HE Y3 & 7tsY
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2000 Shor, Preskill: 11% : - 72| 7} Twin-Field QKD
xx|-Dat OFKjOFS ice-i et
2003 Gottesman, Lo: 18.9% AR[-22 EXIAS (Device-independnet QKD) -
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2007 Kraus, Renner, Gisin: 20% independnet QKD) HEYI 2ot
“Composability”
o = [00) +|11)
V2
( < - )
23
plablry) E=—————> Qp
QUX} ALEY HS %l BF > 2oty

40



o EA

PP
© ° Locc
0 = ——— ¢

(m > 0)

Step 1. Twirling (LOCC)

Step 2. Bilateral CNOT and
Step 3. Measurement

CNOT gates and measurements

CNOT gates and measurements
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Di

Quantum repeaters based on entanglement purification

W. Diir", H..J, Briegel"2*, J. L Cirac, and P. Zoller'

Showmore v

Phys. Rev. A 59, 169 - Published 1 January, 1999 Erratum Phys. Rev. A 60,

725(1999)
DOL https://doi.org/10.1103/PhysRevA.59.169
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Purification
Process Q<Q.
(=8t 2H7)
+_ [00) +]11) ABE) = p(AB)p(E
¢ 7 p(ABE) = p(AB)p(E)
o—o HIZ7| S ¢le 538 4y
2000 2010 2020
AN ZH: Z2|, M HE, 5Y TS, 2ot - E3
A2 X} H§HO| EN / /
ES RS
Ebit
o ® @EOIE /
5HA 0fo|C Purification
= Folciof N H|27| Process
p(ABE) = p(AB)p(E)
(=3t 2H)
EXF AFEY A
S (1) p(abfay) = 2v3 | | E7 S S
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gL 0|2 Y (Ontology,
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X2| SrAfete]

o 7|7t 1998 3
« 0| 27|3}, 39S, 7|=

=l
19994 238t7| £=¢
* John Preskill's Lecture Note

* Quantum Computation

* https://www.preskill.caltech.edu/ph229/

_I_O O
$ 3190

* On Quantum Computational Algonthms

A TR

* International Congress of Mathematicians (45 0FCH 71 %))

* Fields&t, Abacus (Nevanlinna)&, Gaussat, Chern#, Leelavati®f, Noether ™

45



5| S0|22 YAEET|E +£204

i quantum algorithm 7§ (1994)
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Peter W Shor

(AT&T Labs;
quantum computation,
computational geometry)
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SOLVED QUANTUM PROBLEMS

OPEN QUANTUM PROBLEMS

000/ Vien:
QOQ! Vie

Open Quantum Problems

Show 50 v entries Search

Last
¢ Progress & Categories
(Y/M/D)
R.F. Werner 1999/10/25 2010 Quantum
foundations

. Date
 (Y/M/D)

Nr & Title 4 Contact

D. Bruk 2000/03/02  2006/08/16  Entanglement
theory

K. Audenaert  2001/11/08 - Entanglement
theory
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At ste] 28 A 91 2] ¢ Einstein-Podolsky-Rosen paradox

RINSTEIN ATTACKS | || rueee twe seautroments are:
QUANTUM THEORY sitle & calonlation of the facts ot

nature and predict results which
can be accurately checked by ex-
periment; the theory should be, in

Scientist and Two Colleagues other words, correct,

h Find It Is Not ‘Complete’ 2. Moreover, a satisfactory theory
AxAp > — ———> Even Though ‘Correct.’ should, as a good image of the ob-
2 jective world, contain a counter-

- part for things found in the objec-

SEE FULLER ONE POSSIBLE tive world; that is, it must be a
complete theory.

Quantum theory, Professor Ein-

Believe a Whole Description of stein and his colleagues will report.

fulfills the correctness requirement

‘the Phyfi"a' Reality’” Can Be but fails in the completeness re-
Provided Eventually. quirement.
Eod

The New York Times, Sat. May 4 (1935)
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PR 47,777 (1935)

Karl Popper?] AFaL4l &
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K. Popper (1980)
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D2 position (mm)
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/l " Narrowed slit |
Slit B
Found Phys 29, 1849 (1999)

Slit A

Source
1 ( 2
= A

@Muw@

Nature 401
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PHYSICAL REVIEW A VOLUME 25, NUMBER 4 APRIL 1982

Quantum eraser: A proposed photon correlation experiment concerning observation
and “delayed choice” in quantum mechanics

Marlan O. Scully and Kai Driihl
Max-Planck Institut fiir Quantenoptik, D-8046 Garching bei Miinchen, West Germany
and Institute for Modern Optics, Department of Physics and Astronomy,
University of New Mexico, Albuquerque, New Mexico 87131
(Received 2 April 1981)

We propose and analyze an experiment designed to probe the extent to which informa-
tion accessible to an observer and the “eraser” of this information affects measured re-
sults. The proposed experiment could also be operated in a “delayed-choice” mode.

Quantum optical tests of complementarity
Marlan 0. Scully, Berthold-Georg Englert & Herbert Walther

Simultaneous observation of wave and particle behaviour is prohibited, usually by the position-momentum
uncertainty relation. New detectors, constructed with the aid of modern quantum optics, provide a way
around this obstacle in atom interferometers, and allow the investigation of other mechanisms that
enforce complementarity.

PRA 25,2208 (1982)
Nature 351, 111 (1991),
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Delayed “Choice” Quantum Eraser

Yoon-Ho Kim,* Rong Yu, Sergei P. Kulik,” and Yanhua Shih
Department of Physics, University of Maryland, Baltimore County, Baltimore, Maryland 21250

Marlan O. Scully
Department of Physics, Texas A&M University, College Station, Texas 77842

and Max-Planck Institut fiir Quantenoptik, Miinchen, Germany
(Received 19 January 1999)
N —

PRL 81, 1 (2000)
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Quantum Teleportation

VoLuME 70 29 MARCH 1993 NUMBER 13

Teleporting an Unknown Quantum State via Dual Classical and
Einstein-Podolsky-Rosen Channels

Charles H. Bennett,() Gilles Brassard,(®) Claude Crépeau,(®(®)
Richard Jozsa,(® Asher Peres,¥) and William K. Wootters(®

EPR SOURCE

Nature 390, 575 (1997) BRI S0, (1996)

Unitary \

Opcmion\‘ w),

EPR Source | l[l):‘
(SPDC) i

Classical Channel

Input State
[w),

(Bell State Measurement)

A 8 Bell-AHE] 24
SeRA AR T E

PRL 86, 1370 (2001)
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Information Theoretical Security (3% 7ts &7H4 X&)

Conventional
+ Symmetric + Public * Primitives

- One-time pad - RSA, elliptic-curve - Secret sharing
- AES128/256 - Digital signature - BC, OT, SMPC
- MAC, hash - Key exchange - FHE

< QRNG

- Quantum Mechanics

- Intrinsically probabilistic
behavior

unconditional or
GEmation theoretice

.. provble y

% Post-Quantum

- Lattice?

- Quantum computational
complexity?

Quantum

< Quantum Key Distribution
< Quantum Authentication
< Quantum Signature

++ Quantum Cryptographic
Primitives
(possible or not?)

QKD 483}
HESA &2l Yol9|

Fr
oM =7t 21T 2E

AlSIAl AR
=BETCT

Secret Key Rate
+ Dynamic range

Protocol:

Dimensions

6U, 23.4 kg
125 MHz
5°C to 35°C

System clock frequency:

Temperature range:

Management Optional blade

100kb/s (typ.@12dB)
24 dB (Optional 30dB) [
BB84

1U, 14kg

1 GHz
+51t040°C
Embedded

7R F7H8 2T (QKD, QKMS, QENC) &
EolsEely 21 (25H18)
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QRNG chip 483}
Photon number fluctuation 7| %] Xt 7|2 chipft,
Entropy source Health status
— - = Mos ADC & 'J ot
Quantum RNG data
entropy
PHYSICAL REVIEW APPLIED 15, 054048 (2021)

1

Quantum Entropy Model of an Integrated
Quantum-Random-Number-Generator Chip

Gaétan Gras®,">" Anthony Martin,' Jeong Woon Choi®," and Félix Bussicres

'ID Quantique SA, CH-1227 Carouge, Switzerland
“Group of Applied Physics, University of Geneva, CH-1211 Geneva, Switzerland
5
MA %|x 5G 20EE QRNG &8 HE
M7 £ EZ QRNGHO| Bl ADLEE SA|
2024'H, Quantum smartphone 5HM 2& ZA| (X THO§Z 2007tCH)
8 skTHG X
Samsung Secured by Swiss Quantum
Galaxy —
Quantum 4
(]
‘AQuantum g Quantum 2 Quantum 3
2020 2021 2022
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Q-HSM(Quantum Hardware Security Module)

Edge EFEH(CCTV, SAEHY, EME &) FH0 QHM M ES Fu2E Y/S3/UT ArY =

=
=B

MEHO| | - Edge Y U|EYIC| HObY BAIS B chip JJte] F2HolE 22H
* QRHISUA|(QRNG), B2IT HRIYR| Ol55(PUF), HUHYB(CHS], BH3)) 7158 25 one-chipo2 78
sxnu * Q-HSM chip 2 HZZEHZ KCMVP Level 2 Q1 215(24118)

CH|/AH KIBR M7 S20IM B 0 (251 48)
0|2 NIST EZ PQC ¥12|Z chip X & B2 B 248

Q-HSM chip (+PQC)
2 HER

Q-HSM chip (+PQC) Chip . .f N
Z 84/ M ’
PCBRE & i 2n% Iz

BRU P

cram| 0 0 - Sl
. e ]

Mty —; I = 7 w BuEga

)))EE

7
PQC-QKD hybrid
Edge THH(CCTV, SAIEHY, EIIE 5) FAN Q-HSMMES FeCE 3/33/UL A =T 5
gpge | PO ATO MO I40 KOS 4 ST2E 1t AZESIOf 61 Il POCE FHE hybrid R
¢ Smart-WAN(SDP) 7|&1t0| HE2 §3t 4177 total {2 2 Aljst 371 5 (B0[E] 4! ¥ + Zero Trust)
* AHY(I01/4=)0ll= QKD 2+ PAC F o] HZ3t FAI0] THE|E 01F AT H4de| mot 2 XZ
534 ¢ XY/ Z)ol= AZEY 0] PAC & H&0t0] FRIATL S0l Chet 2|20l obig &
* 7|& QKD T &34 Chib| Tt 1124 @31 ARSl0) Q51 Ch0| JHs3ta, Ot Huz| x| &
PQC+QKD Hybrid pad —\ pad
T3 Reference [ \ T/ \
OFE| (| mm || || mm || | =
QKD+PQC QKD+PQC \ / \ /
PQC ——
ﬁ’ﬁ‘_ﬁ‘_"._.'" ‘~lx_|¢_1e; __J L _J
ZhMa
{ Zero TrustE 7816t #ZW4 B0t 7|& SDP(Software Defined Perimeter)
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1 4 back clovd 7 vusaREA 4y 08B E
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