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AubA o 2 y-qubitel]l MPFE= FEE 2"-dimensions 7}Z Hilbert
space’de] WHZ RdHHH, [00---0>FF [11---1)7kA] 2"7) basis9] &
o2 Yehd dubdRl Ak FdHlE sy 2o
) = ayaz - @y |00+ 00) + ayay - a1 Bn|00 - 01) + @y -+ Br—1|00 -+ 10)
+ ot Bify o |11-10) + By Sy -+ B |11 -+ 11)

2.1.2. FA A4 2 AlolE

At o JHAHFHAN AdE ARE F =4
9]8 XOR, OR, AND9} 22 Azbs g, wd 4 %
o] o] WIstm R Folxl Zele] o]zl

Mr7h wdtetal, Fold 4 e Aat B g A
WA FHOA qubits 00,11)9] 542 FHJHE F
of olgdow & e qubitBoRE TP PHE H3
FE2 ds = Ao FHE FIsith

FAAte 54% el 7teid 4 3= A4S unitary Sfof s)
=4, 1-qubitel]l 2% = unitary FE L b3 go] HHHT

_(un Uq2
Uz Uz2

s =0 2 (5) = (auu - ﬂu12>

Up1  Upp auy, + Puyy

) with unitarity UUT = Uty = 1

= (auyq + Pug2)[0) + (auyq + fugz)|1)
(uij,a,ﬁ € (C' |(X|2 + IﬁlZ = 1)

1-qubitel ¥ unitary ¥E F HEA S =Z Pauli operator’} 9lo™,
Pauli operator®] e 2 wiEst= A do tpe g}



=G 9 x=C Pr=C D2=G %)

= I? = X? =Y? = 7?2 = | (self-inverse)

For arbitrary U, U = (Z; Z;;) _ (u11‘2Ht22) I+ (u1z+uz1)x +i (u1z;uz1) Y + (u11;u22)z

2-qubit AAMAtol= HEZA 2 Controlled-NOT(CNOT)©] §loH,
HA qubit(control qubit)7} (0> Y = + WA qubit(target qubit)ell 7 7ﬂ
OEEZ A WA qubit7} 1> =l F HA qubitd] X Alo|EE )3t}

1 0 0 O
wor=(3399
0 010
Adtx 0 2 p-qubit AAFAF= unitary A A S el 2" x 2" PR
waAH,

Solovay-Kitaev A#lo] w=2w, fF3k3t @ qubit Alo]|ESF CNOT A
oJEXto 2 Q199 n-qubit ACIEE oo HAFER LA F glon
(18], oluf A& @< qubit AlClE JF3 CNOT Al°]EE universal
quantum 7Al°]E@} 3t} Universal Alo]E F3e FdstA] fow, o

x5 o7 (HS T, CNOT), (H, S, CNOT, Toffoli } ] universal 3 Ao]E

ol tH19].
w3 Pauli 1E9 normalizer 15 Clifford 2&o]g} R 21[20, 21],

dlo o

o

= TAE =S
UECPeP = UPUtep
(C : Clifford A&, P : Pauli 1&)

Clifford Al°]Ed+= thx A o2 Hadamard A°lE(H)$ phase A°E
(97} o, 9 AAAS A &AET F A

1
H=5( ) s=( )

HXHY = Z HYHY = —Y,HZHt = X
Sxst=v,syst=—-x,52st =2

Gottesmann-Knill A gl w=w  Clifford Alo]ERro 2 o] F o]z &=}



3|2 DHAAFHEE od AF g AlEwo]ldd & drH22, 23]
a2t Clifford AllERre =z F4d¥ 2] AolE H3F2 universal
ACIEE AT + glom, d99 <A 325 Fdstr] A=
non-Clifford ZAle]Eel tig F+3do] & astrh[19].

22. 4 27 AH FZE(Quantum Error Correction code,
QEC code)

2438, Grover B84 &dudE S 5

T7F o] Fo Xl ©l whal, AA FAHAFEHAA I & T

dele B 71E4 o] EAst). 7led wet zko]7b gl o, qubit

S Fdsr] Y8 Algsle AR B e o]l

gdolAet A7 T& WAATI= FAddY] wol=, FH 2o v

= AnE Agan, A9 qubits ¥ il Rl wAY A% =57
FA BRE el ool U@ AuE FEB oul FFH oF Au
£ A= E(syndrome) ©leh ¥ 2H, FFH AEES vgow wa sl

E Aibs 7t 278 Al 4 AvH30, 31].

Shore] 9-qubit Z=+ WHEHSQ A 27 A4 HF3=2 9719 qubits
o]-&al & 7| qubitel MBete= HEE A FH g o] X-oef -
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A
T NEEs st JdE drh
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= =
TT =
L oF9 MNEF == 1d—-1)/2] 9 #AZ w3},
ol E8 4 qubitg o83 UA oF HA HT
= =
7=

g 74 2
AT 4 o, qubite AHEE e FUF dAE
]

% X1 ;g-f,‘]-:]_!_ distance7}- d?_]_ O]:Z]’ ST ngj) J":IL:&-% [[%,k,d]]

X
I} FETH31]. o]l distance d+ Y ZEE ol & AT 7 gl
9l

S e R A

2-qubit AlP]EE F3s= 9 9

38 T3 AHgEE B4 qubits #HAsEka

-] 2
Q5 threshold % transversal 3+ =2]4 AlolE 4 3}, tad A
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Stabilizer ZE=+ wl$ 7herel oxy Wty 3EE zta govnwg

[}
gEgom Agdt G4 oF 44 viel Fholth

ok

2.2.1. Stabilizer Formalism

G Ax Aol A& Ayo=ly)E =T H9 AE |y 9l stabilizerz}
3L, |y 7F Aol 9@l stabilize ¥ Attar 36, 37].

n—qubit FA AEfel W3] Pauli 15S T 2ol Fod F AUtk

—

PO = {0y ® 0, ® - @ 02 0; € {1, il, £X, +iX, 1Y, +i¥, +iY, +Z, +iZ}}

01020, =01 Q0 ® R gy,

olmj P®"¢] subgroup S(C P¥")¢] RE S eS| 9@l stabilize W&
G Ay (F3L2 Sly)=ly) vSES= Soll 2la] stabilize =t
31 Zelal, SE stabilizer group©lgt gt} Stabilizere] Aol ® 159
Aeolo] wal, S7F 0 state ©]9] 9] stabilized vectorE zt7] 9sjr = ¢}
- 7 205 wEefof gk
—I®n, +iI®" ¢ §
SuS; €S = [S,5] = 8:S; — 5;8; = 0 (S9] & ¥4 & commute 3t}

& £o, 571 qubitel Whal 7] stabilizer Z1Fol S = {1 XZZXI)

(c P¥5)s} o] A= gitka atab. Sl <3 stabilize ¥ %2t 4o
o] basis U= 2

T, = {|+00 + 0), |[+11 + 0),|—00 — 0), |-11 — 0),
[+01=0),+10 = 0), |=0140),[=10+0),  |7| = 16
|[400 + 1), |[+11 + 1),|—=00 — 1), |[-11 — 1),
|[4+01 — 1), [+10 — 1), |-01 + 1), [-10 + 1)}

olwf stabilize 13 S ol ME stabilizer IXZZX & F71E B¢ A=
& stabilizer L3 S, 9} stabilize ¥i= A AE] 7, o3 2

S, ={IIII,XZZXI1,IXZZX, XYIYX} = (XZZXI,IXZZX)



T, = {|00000) + [10010) + [01001) — [11011), [11111) +[01101) 4+ [10110) — |00100),
[00001) 4+ |10011) + |01000) — [11010), [00010) + [10000) + |11001) — |01011),
[00011) 4+ [10001) + |11000) — [01010), [00101) 4+ |11110) —|10111) — |01100),
[00110) +[11101) — |[10100) — [01111), [01110) 4+ |11100) 4+ |00111) — [10101)}

T2l =8

% stabilizer generatorE SFUH  F7stal groups SR
stabilized ¥+= basis 7T AW ZFolEt, dWtd o pilo (&
) qubitell sl n—k7H2] stabilizer generatorE ©]&3] WA <

A R5E wsd ke =84 qubit (32 28719 basis)E A&

ATH19].

2.2.2. Steane T =2} Color Z =
Steane =¥ WA Q stabilizer =2, thS3 228 stabilizer group

generatore} =214 0),, 1),S ZE=0H38].

S = (IIIXXXX, IXXIIXX, XIXIXIX, [[1ZZZZ,1ZZ11ZZ, ZIZIZIZ)
[0), = |0000000) + |1010101) + [0110011) + |1100110) + [0001111) + [1011010) + [0111100) + |1101001)
[1), = |1111111) + |0101010) + |1001100) + [0011001) + |1110000) + [0100101) + |1000011) + [0010110)

T3 [29 2= l0ve® x7Istd 7Y =94 qubitemHEH =g
07,5 wEo U= 3 Zo|t

o
~
anY
A4
@

|0) & & &—

2 2 Steane I EE o] 835 7709 qubito] =
A 0>, JEE U TAF 2.

ol =4 0>, 1), Aeel =4 AeeE Zistuz & A5,

11



Steane F=of Bre= WA o R Zgd qubitEel] AllEE 7hefof Fth
=24 Pauli Al°]E, Hadamard Al°|E 2 CNOT Al°|E9 FHL v
=+ 2
X, = X, XoXoXoXsXeXy, 2y = Z1Z3757475Z6Z,,  H, = HyHyHsHHsHeH,
CNOT, = CNOT,CNOT,CNOT;CNOT,CNOTsCNOT,CNOT,

= B AoEe dia, =84 qublt Zkzkel & FFe AClEE 7h
st AR E =EA AlolEE FEE F dud, olE A 27 A
A HFo transversalityﬂ st} =24 AlolEE 7teleE Ao CNOT
AlolE7F ot 45, st 84 qubitell 4] A Q{7 b E =
2] 4 qubite = x45}9 T Atk o] A9 A oF AA F5 AV|E

SEE g e SR A AN B iUt HAE AARH R A 3
2o AFEE "ojx=d 4 ol mebA B T/ transversal Al°]
EZ 7IX&= ZHo] Fom Steane A= 94A AF3F Hadamard,
CNOT AolE o]9le] Phase Al°|E L3t transversal $F #2022 =4
A Al EE FdFTH39].
Eastin-Knill g&ol w2 BE =2]4 A°]EE transversal 3+ 2]
o7 Fd F dv A o AR Fze AT & flem40],
E A& {H S T.CNOT) %= T A°lEE Steane Z=Z2
0|83l transversal stAl A& F glth. T Alo]EE FdAst7] flalA
+ magic state distillation, 3D color Z= %9 HW21S Al&sjjof 3t}

[41-46].

universal A ©]

Color =+ 7]3}8H4 FeE uel e stabilizer Z=%2, Al 7FA] A
Zhol Folxe uf I 7 W Ao] A fFrF AT 5 d= 4
2HE Aok F B84 qubits wigeH12] g 2 FE ] color A
= A= [19 319 2o

2= w7} wgozr MAFE 7 W AdHI Wy o2 AL sAY, &
g A qubitE ZF EA el fIXst}. olul stabilizer= 7} Wl HAH

I
ol dgte] X S, Z 8BS At olE 50 25 wolA
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3. AEAA YA oF BAS AT o2 EH

FHaEd [57] o WEW 93 3 Fxo dis), FEEHE A ¢y
=9 o we} g&d Aolry wHAst, & Fdstaat ke Ak
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Circuit LogicQubit Gate
- qubit_num rinteger - gate_head :Gate
- circuit_depth :integer - gate_tail :Gate linked - qubit :LogicQubit
- qubit_list :list <list> - gate_counter :Gate list - next_gate :Gate
- time_list :list - priority rinteger - timestep :integer
+ print() + insert_gate() - remaining_cycle :integer
+ add_1q_gate() + append_gate() + defer_gate()
+ add_2q_gate() + increment_gate_counter()
TQGate QECGate
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SWAPCNOT
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Start

Read first line
of the input file
(number of qubits, n)

'

Create n <LogicQubit> objects
and append to qubit_list

!

Read one line

] of the input file

(quantum circuit instruction)

1-qubit gate

1-qubit gate or 2-qubit gate?

2-qubit gate

Create two <TQGate> objects
i¢c = index of the control qubit
ip = index of the target qubit
1 |
y

Create one <Gate> object

i = index of the specified qubit

Append created <Gate> object(s)

to the linked list stored in <LogicQubit>
(specified by i for 1-q gate, i, iy for 2-q gate)

v

Update
gate_head, gate_tail in <LogicQubit>
timestep of the created <Gate> object(s)

yes

timestep >
circuit_depth ?

A

append empty list to time_list

I append created <Gate> object(s)

to time_list[timestep-1]

End Of File ?

no

U3 mARRE YA} B2 PHsHE BP0l g LF M
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Chip Trap
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- cycle rinteger X .

3 ) - index rinteger
- right_phase :boolean - trap counter :Gate
- trap_list :list <list> P . . <list>

. | - qubit_list :PhyQubit - trap :Trap
+ shuttle_right() > : s
+ insert_left() - index :integer

+ shuttle_left()

. + insert_right()
+ print()
+ run() + pop_left()
+ update_priority() + pop_right()
+ remote_trap()

a8 12 F 2 Z2YS Yol Aot FL00 i FeiL tho]o 1.

- 20 - J—'! k._l 1_]| Jll



trapl trap2
capacity = 4 capacity = 1
index = @ index = 1

qubit_list qubit_list
= [90, a1, g2, q3] = [a4]

N

sector_num = 2
capacity = 4
trap_list = [trapl, trap2, trap3, trap4, trap5, trap6, trap7]

[ cwwzazran [ rapzazzn @ PhyQubit 22274
24 13 <Chip> 2~ LBAE Mg, Z7)|eto] met RRPeh A #2 A9}

Al ool A= [29 13]elA 9 o] <Chip> S~ LEAEE 3t
v gk H, dA AT <Circuit> 32~ LBAEE <Chip> 2

2o AW run() o AAE AAZoZM F oA %A I 2
ds st 2AEHS A FS

412 H AEHA AgF 9 daugs
<Chip> Z# 2ol A9 run() &% <Circuit> 2= 2LH
2~

Az we o

a. AEY 238 7153 o] Jgrt AeAH Qs =24 qubit 7
7 4ol EE A qubite EFe Ho o]

3 1A 5]
Aol M7 NAY A NETF 84S 224 qubits EFshs A *
3 7bssith. gy YW o] 25 #HolA TAIE E3 AlojE Ak
S staak & wf ol ArE FEe] o] &S Aol shn, A o] 5
FFS T AZ2=H(crosstalk) S HAsletr] 98] A3 dAdA ] FH
A8l7F Hasit) 4o sl ool xFH ol Ao AE3 HS-
o] & Aol wE A% Ao|7b wWAlEy] wjite] AA o)L EW AlAH
A A nAE Fo o]eg TIAY sheAe] AW, ¥ A F o AelA
© oshube] MR ¥IH olee] JFe AEdold oA WeA



FHU 4L qubite o]&dE I
]

Q2

o] CPU7} clock cycle @912 HHAE HYst= A

AVel Al - AJEEOIEZF Al EH o] AStE o] Ef AlAEHE o]itstH
°

Az @z A AlolES AdstAY o2& shuttling dth. ARk

2 ol EFoA AlolE dAtts stAY oS FF o= A
W owpolarx Aol AlFke] Ae=dl, FAIAY FA= AR =7
713 T g4 wel @btk obA EFEstd TEo] glerw

FAe AALE 1Edte] time unit R AlOJE AXS WP o
83 time unit A X o]t}

B 3 Alo]E¥Y AQE+= time unit

Al°lE 4 Q &= time unit
1-qubit AlO] E 1
2-qubit 7] 0] E 5
0]-2 shuttling 1

N
N,

o
ot
=

Al AE=F FEI &4 SWAP A4S
|42 =2 shuttling $th. [2¥ 6(c)]l At %
shuttling 3t A B 7bd Q&% o223 s AH=E
=2 AY gAY A% FAZEA "o &AL A

B o
i,
o,
rlo

o
utl
o,

rlo

ol

N

N

to
o

o @ O o wo ©
rfo
o,
to :10
r2 o du o,
o ot
O>‘1 rH—‘
i) A
o 2
o o
=]
» & X
2 r[o
E
) 10
dlo N
102} (o]
:T‘ -
S
5 rt
Q F>“
>,
H O
e 2
T
)
- PN
DR -
O 4
Mo g
o4 O o

N
N
Lo

°

mO
Z X oot T
ESRN 1
o

N
o
i

fo 2 to K
T

il
1y
o

L= (o]
- o 3z =
shuttling 3 ¥ 714 Q8% o =&ddS u W
_%

71 o2 9% 02 shuttling

o o
g
= 1

o oo ook

~ 99 _ ___:er _k:i_ -I_-]i



T3 WA upgl xpolrt o [ 2]of wEl o] shuttlingol] 2 &
72 1 time unit®.2 7k glth Shuttling ©1$ QEC AH=Z Eoit
g4 qubit A=F FF0] ¢R5EH7] A7MA e AHE olsd F
o= 2 shuttling® 4 F7]= A=F F= €23 time unite]t}.
Steane =9 A =E %] 57] 2-qubit Alo]E <d4te] Hestn®g
B AlEHo)Ao = shuttling 715 2-qubit Alo]Ee] H L3 time
unite] 5921 252 A7

d. g time unit &<t stye] AHA = §

7hs etk spube] ol Al EEH A4 I ol=el s FAlel Aol
E AXS 7= A

el met AlolE Alzte]l o7 2]

H'I
N
N
ol
ol
ol
N
N
o
rlo
=2
N
>~
: -
i)
rlr
=)
o
2
=
N
N
N
12

o] el AlolEE FAd Wy
Acoustic-Optic Deflectors(AOD) 5= o]-&3&td o]
AA 2 ALt wWEA] shve] AlolE AAbS

golEol M o] & 7}A3te] 3 time unit T 3 AE M= I H9
1-qubit Alo]E XEi= 2-qubit Ale]ERF 7} sirhal 7Hd gk,

A NAEA BE AN 2AEH FHFS =2

t}.

el gl wheb AR FH el Fo dA RE A 9
3l time unitvith 7 AEEZ Adof 3 ACEE dEsoF gl A
Hi e HAgsts Alo]E ¢Ad wet dA &FA; 32 7o dash A
3 SWAPO] W& qubit ol el wiHA™, weka g AlolEE

MEAE7] Y3 dueglSL g8dor A48 vk 9t

i
j?_l[r
p‘L
=)
4
juit)
—
s
o
N
N

+ =4 qubitd® o3 Addof & Alo]EE ThE| 7= AClE b
H(Gate Counter) s =%t A= &8sttt Al &dolH
= time unitPtt} ZF =24 qubite] a9 (priority) S Al A
H, AHERE MY =2 SATHE 7HR qubits #ol dlE qubite] Al

1:110

S o3 - ] 2T



X0
=1 (eodofbdlldooe]
=2 [booofd]ddoe]
=3 [bodoldlddoo]

initial configuration

s [bobobtdee|
=7 (bodo[dflodool

s (edoo[dflocee|

©® =2]8 qubito] &= 2a]& qubit

@ =214 qubito] 2elx] ke el qubit

' 1 1-qubit Ao
=7 (e0oeld/oceel | |
2-qubit Alo|E.
t=T+1 X X
(shuttling) T AEZ F&0] 2] AIZF Y 0] shuttling F7]

O
el

O 14 Y 7] 275 vrgst AAlE" Aul 3_ AAl & 7He] AEQ} skt
9] QEC AEofl 63(=9 x 7)719] o]Zo] mE o]y, 77]9] =24 qubityt HQ
sHA 49(=7x 7)79] =2]A qubitof|?F =2]A qubite] FFH HFS 7MY
T}. 1-qubit Alo]Eof 1 time unit, 2-qubit AO]Eo] 5 time unito] = Q351
shuttling £7]&= 57§9] 2-qubit A|o]E = Q3F 25 time unito]2t 71519 T}

1
=l

o|E JheE7E 7hel7l= AClEE AT FAIHR] AClE AH
[Algorithm 113 2o}
Aol qubitd] AEAE Atsta, BE A9t
A ¢ Jde=A Ads F A vted A5 A
‘53 37}52} A5 dld qubitE A9 YA qubitel o
ts A AlolEE Mdgtt. a2y dEd
E7} 2-qubit 71] ] olaL gt F =El A qubite] ©E AE
9} W 3 time unitd] &H}E 2-qubit Al EE & & {lth o] FL
stite]l =214 qubite tE =84 qubit¥ 22 o] Al $AA]7]
71§13l SWAPS &3l AlEl Alo]l& uy7tel obn, 74 4< dag=
£ [Algorithm 2]¢} Zt}.

Hir
flo

time unit

_, O::
ﬂlﬂ.l
mlo l

—10
5
do
il
i?

X2 gw
2 —-iEUlN
Moo Hmrlo

kS

— 924 - 3 1 1” 1‘:11 1].



Algorithm 1  TrapCounterFinder

00O kW=

31
32
33
34
35
36
37
38
39
40
41
42
43

Input: trap object (having trap_counter, qubit_list as class members)
Output: None
Behavior: set next gate as a trap.trap_counter, or tell that no possible next

next_logical _qubit_exists = True
while trap _counter is None and next logical _qubit_exists is True do

gate exists

// iterate while frap_counter is not determined but candidate logical qubit(s) exist

next_logical qubit_exists = False
max_priority = MIN
next_qubit = None
for each physical qubit in trap.qubit list do
if physical _qubit does not contain logical qubit or
physical_qubit.logical _qubit.is_complete() or
physical_qubit.logical _qubit.priority =0 or
(physical_qubit.logical qubitwait_cycle # 0 and
physical_qubit.logical qubit.last_decrement = current cycle) then
// skip the physical qubit that cannot be chosen
continue
endif
if physical _qubit.logical qubit.wait cycle # 0 and
physical_qubit.logical qubit.last_decrement # current cycle then
// for the logical qubit that can be executed after the next shuttling
// simply decrement the wait cycle variable and continue next iter

occurs
ation

physical_qubit.logical qubit.wait _cycle = phy qubit.logical qubit.wait cycle - 1

physical_qubit.logical qubit.last _decrement = current_cycle
continue
end

// for this physical qubit, it contains meaningful logical qubit so set the flag as True

next_logical qubit_exists = True

// calculate priority of the qubit by calling update priority() function, and update max

priority = update_priority(physical _qubit)
if priority > max_priority then
max_priority = priority
next_qubit = physical_qubit.logical qubit
endif
end
if next_qubit.gate _counter is type of TQGate and
two qubits of the next_qubit.gate counter belongs to the same trap and

not enough cycles remain to finish next qubit.gate counter before the next shuttling then
//' If the chosen next_qubit requires 2-qubit gate for the qubits in the same trap
// but there are not enough cycles to finish 2-qubit gate before the next ion shuttling,

// initialize the wait_cycle variable and choose the next_qubit again
phy_qubitlogical qubitwait cycle = remaining cycle
phy_qubit.logical qubit.last _decrement = current cycle
continue

else if next_qubit.gate _counter is type of TQOgate and

two qubits of the next qubit.gate counter belongs to the different traps then

_25_



44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

/I 1f the chosen next_qubit requires 2-qubit gate for the qubits in the different trap
// call remote_trap() function to do proper instructions (e.g., insert SWAPCNOT gate)
// and choose the next qubit again
remote_trap(next_qubit.gate_counter)
continue
else if next_qubit.priority > 0 then
//'1f the chosen next_qubit is executable, finally set its gate counter as the trap counter
// so that the current trap starts executing it
trap_counter = next_qubit.gate_counter
if trap_counter is type of SWAPCNOT then
trap_counter.remaining _cycle =15
else if trap_counter is type of TQGate then
trap_counter.remaining cycle =5
else if rrap_counter is type of QECGate then
trap_counterremaining cycle =25
else then
trap_counter.remaining_cycle = 1
trap_counter.qubit.priority = MAX
endif
end

Algorithm 2 RemoteSectorHandler

0NN AW —

o

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Input: physical qubitl, physical qubit2 (having logical qubit, trap as class members)
Output: None

Behavior: To make logical qubitl reach the sector of logical qubit2, make logical qubitl
sleep until the SWAPCNOT is possible, or insert SWAPCNOT if it is currently possible

logical qubitl = physical qubitl.logical qubit
trapl = physical_qubitl.trap
logical qubit2 = physical qubit2.logical qubit
trap2 = physical_qubit2.trap

// if other SWAPCNOT gate already scheduled in this sector, make the current logical qubit
// sleep and append to pending swap_list to let the trap wake up this gate later
if trapl.pending swap _list is not empty then
logical qubitl.prioritiy =0
append logical qubitl to trapl.pending swap_list
return
// if 1) the shuttling phase and required SWAP are in opposite direction or
/I 2) not enough cycles are left for SWAPCNOT operate before the next shuttling or
/I 3) physical qubit is already at the end of the sector
// make the current logical qubit sleep and higher the priority of the pair gate instead
else if (right_phase=True and trapl.index > trap2.index) or
(right_phase=False and trapl.index < trap2.index) or
(not enough cycles left for SWAPCNOT operation) or
(right_phase=False and trap l.index(physical _qubit1)=0) or
(right phase=True and trapl.index(physical _qubitl)=len(trapl)-1) then
logical qubitl.priority =0
higher logical qubit2.priority
return
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/I if the SWAPCNOT is possible, determine the proper physical qubit to swap with
else if (right_phase and trap1.index > trap2.index) then
physical _qubit to_swap_with = trapl[len(trapl)-1]
else then
physical_qubit to_swap with = trapl[0]
endif

/ insert the SWAPCNOT gate to the logical _qubitl and update the gate counter to it
logical _qubitl.insert_gate(SWAPCNOTI, logical qubitl.gate counter.timestep)

33 logical _qubitl.gate counter = SWAPCNOTI

34

35 //if the physical qubit to be swapped with also includes the meaningful logical qubit,

36 //insert the SWAPCNOT gate to that logical qubit and update the gate counter to it

37 if physical qubit to _swap_ with.logical qubit #+ None then

38 logical _qubit to_swap with = physical qubit to_swap_with.logical qubit

39 logical _qubit to_swap_ with.insert_gate \

40 (SWAPCNOT?2, logical qubit to_swap_with.gate_counter.timestep)

41 logical qubit to swap with.gate counter = SWAPCNOT2

42 endif

= 99 HARE Fol ka} f2g 3 AN AdsE, QEC A
& 503t qubitel HelM = AE=EF FEo diPsts AlolE dAibs, t
& e qubitshel 2qubit ACIEE A5 SWAP @iel Daw AT
AFshe Aole Ae Frsisbd AAl HEslo] FolA ol Fojx
Aol E Aiks =3t

dol 2o AL vigom fud PA A= fo dnDES AL
Hokal, =EH A E}.

[28 15]9] Aol = q09 39, ql¥ 38 5 2

[o]E Axt 2AE A= [219 16]9F %
w]

2-qubit Al°)]EZ}F v EA413}7] wlio| Hadamard 4 o] F @
SWAPS &3l 2-qubit AlC]EE @lof 3l= F qubits 22 AHZ &

o=
A

S
=

Ztelol A3ttt ql0S AR 59, 3 25 time unit ¢ QEC
oM A=E FEHAHE AR 5, 264 time unitel ©]2 shuttling

Z3 F HA AEE Sojzttl 27732 time unit FeHS s A E

A qloe]l W3k Hadamard % ql9, q20 7+ CNOT©] o] F o)X il 33747

time
=
5377

unit &< SWAPS E3l qloz AE W vpx]9ke] q19 ¢ A7} 6\

o]% 52H A time unito]lA shuttlingS F3] QEC AHZ E°]7}
THA time unit &< MNE=F FEAAS AX FH, 78HA time unit
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P = f(teurr tenor) = Weime * teurr + Wenor * tevor Weime < 0, Wenor > 0)
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teurr © FAF 3] 2 4F0] A|0] E. time unit

tenor : T CNOT 22 A|0o| E £ 87HA] E-2 time unit

A AR G FA smdel A AclEst 9% time unit(/
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E
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7MA 2 EE qubit 7 OS/&% A g dsskA kvl g Ao,
CNOTZ} 22 2-qubit Al°]Ed A F qubite] CNOT
AIZE Afol7F A WA EEdh qubit Wl AR FF ALt
th o] A ¥ 2-qubit Al°]EolA AAHE g5 tA] KE thE qubitdd &
Aol A717] wiZel] Hdlgh vzt Altol]l 2-qubit AlC]Ed] =Egtom
M B qubit A4S TE38] Stk the CNOT dite] gl qubitel o
IR E qubitEXET UF o]& AlTte] ALbs Eule=
AE 9] 98 Aok 22 Aom SHAeEdE ALtE
oHE AT F o, HAY A
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TAEE AL w AR = A st
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P10 = f10(tcurr tenor) = Weime * teurr + Wenor * tevor Weime < 0, Wenor > 0)
— fFAB(LA A A B AB JAB

P2 = sz (tcurr: tenors tshuttlemargin' ttocnoT) dmn' dtrap
— A A AB
= Wtime * teurr T Wenor * tonor + Wshuttiemargin * tshuttlemargin + Wiondist * dign

remote AB remote . +B
FWerapdist * erap + Otrapatraps - Wenor - trocnor

FAb R BRE ACEE 45T wW7hA 9] dagEE o83 Aol
EE MdYstn Adete dAS WEIH HF stedo] 2AES dA
Ao AAE st=dlo] 2AES AA ol EF AladHoA dojd o
A EAES REtRE FEAXOE AOJEFY LFE WAATIIL A
EE FE R o AR GAE o&s HFAS o HA oAFE Lo}
= ARE3E g ol Egh st=dlo] AAES] ol HAA A =
T F a3k AlZHlatency)S o 78k, g time unitell 39 stE AlZE
< ot FAA] A& AlZHrunning time)s A& F AT
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B 4 qubit A|o|E0] 949 AAe sl Zrte MR Hsd 71EAl L o).

NER 3%

4%

Wshuttlemargin
(negative)

22 o] AQ19] & qubito]l ti§t 2-qubit o] Eofl tisl FAY time
unito 2 8§ o} shuttlingZ7Hx| 'E2 time unito]] tist 7}5%-x] o]},
Shuttling2 0]29] YIX| & vHt=t, o]0 wa} &2 o] A|Qlo] &
qubito] TH2 o] & Melo] 9|51 D 4 9lc}. webA of e
shuttlingZ}&] &85t A|7to] GA] 942 7 Q Q4018 =olo 2y
wre] AlRsHe AEe HE ME} E}DP shutthng OI_,_OﬂE 2o

o]& Kﬂowﬂ Re 4 L, 2-qubit A0 E= *‘°“°¥710ﬂ
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ool FE HIAlR 2 |

Wiondist
(positive)

22 o] Aelo] £ qubito] T3t 2-qubit o] Eof sl 5 ol 7t
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o} o] M7t AlEE ol A A= EE A
stuE omgont oy 24 H§ Ao
= oy M EF qubite MEHoR s ordttl. Steane T
A= =W, 7hY =8 F qubite] 17H9] =84 qubitS 7A=Y
N /A= A=

O
ATk WHA ) o)) o R &ulEA AAT F AU HEo

7besteh wEka] 2

= 1
g 23 2

AR dACNA A HEd

Aol oA stedol 2AlE Fe AlolE

qubit 3tU7F =214 qubit
A =44 qubits 43

B VR O

o
-

U



SHE BAANT I, MY qubitEe] QEC AEH HYgPL wf =
At 0 F/ M4E Ao HET oF AdFE AT Steane T ol A
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Start

Choose the next gate from
time_list(t]

1-qubit gate

Pen < 1-qubit error
probability

QEC gate ?

1-qubit gate
or 2-qubit gate ?

]

2-qubit gate

Pen < 2-qubit error
probability

DU

Generate random number

between 0 and 1

count the number of errors
occurred in 7 physical qubits

= random.random

filp the error info of the gate no
gate.errorfi] = not gate.error[i]

2 Nerror

i=i+1

Mark for alli € {0,1,---,6} as
gate.errorfi] = True

Mark for alli € {0,1,---,6} as
gate.errorfi] = False

no

no

2 16 A4 A Aol she
of ThslA SEACR WAL,
982 SRS TUAS RAE.

next gate at
time_list[t]
exists?

t=t+1

t=>
circuit_depth
2

FEHAM e LRGP Fe o



(a) deep50q

LEl

qz

q3

d =750

(e) 20q;125d

(b) wide200q

a1 Ui H U3 |‘ ‘|U1,1ool—
a2 Uz 1 [ Uzz2 [ Uz Uz,100
43 Usp [ Us2 [ Uss Us,100

it 3
I‘ ‘I’Jzon,wn'_

J

200 U200,1V200,2U200,3

\

(d) 10q;250d

d =100

Ul 230

:

U2,189

U3,201

1 i

d =250

T@m
w@lm

D
U1,108

U3,99

U3,100

d =125

a8 17 Alzefoldo] AREst oA 7 222l JE. (a) deepb0q, (b)
wide200q, (c¢) RemoteCNOT, (d) 10q:250d, (e) 20qg;125d.
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H 5 329 AR stEgo AAZE9 latency?t St time unito] 50uszk
71881 o AA| running time.

UA} 32 latency (time unit) running time (s)
deep50q 12,409 0.62045
wide200q 2,185 0.10925
RemoteCNOT 1,279 0.06395
10q;250d 5,501 0.27505
20q;125d 14,785 0.73925
(a) deep50q, wide200q (b) RemoteCNOT
10 == 10
il
0.8 0.8
g 0.6 E 0.6
G s
g g
:.; 0.4 g 0.4
0.2 0.2
—F— deep50q
0.0 ~-f- wide200q 0.0
0.00000 0.00005 0.00010 0.00015 0.00020 0.00000 0.00005 0.00010 0.00015 0.00020
1-qubit gate error probability 1-qubit gate error probability
(c) 10g;250d (d) 20q;125d
10 10
0.8 0.8
E o6 g 06
% o4 % 0.4
0.2
0.2
0.00000 0.00005 0.00010 0.00015 0.00020 0.00000 0.00005 0.00010 0.00015 0.00020
1-qubit gate error probability 1-qubit gate error probability

13 18 (a) 507H9] qubito]] Heh 1-qubit Ao]E 37500712 F/d€ deepb0q
(AA), 200719] qubitol] T3t 1-qubit Al°]E 2000072 LA wide200q(d
Aol gt Zxt. (b) 1007§ qubito] tisf Hadamard #o]ES 7tet H
(90.999). (q1,498), -+, (gs0.q50) "o T3l CNOT ¥AMS 3t= RemoteCNOT
3l 2o ojt Axk (c) 107} qubito] sl <F 2509] & Zlo]E JHX|n
1-qubit A]o]E2} 2-qubit A]o]EQ] B]go] 1:5¢1 E YAt o] =of chst 2t
(d) 2078 qubito]] s of 1259 2= Zlo]E 7FAJiL 1-qubit AH[o]EL}
2-qubit 7o) EQ] H]go] 1:591 M Ckx} 3] 2o tjst A},
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HE 5 0] 50%E |t 53 ddow AYHE I=m= E}‘?‘ o] =
E

of nlsl v wh %Ei L&l T7HA=H, 54 tF glol Ael
Axtol = EA7] wfZel "l "ol qubit 7+ 2-qubit Alo]E] wE
B2 SWAP A4te] 4o qls slo=

of W) AAl st=sdojl A ZEst= Alel

F aagdEs 13

T oHA A A E AEE ol JMyE WeR st HE A IR 2
FEe ABRBAS EAFAT 1-qubit AlCESY oF WAFEL
510 °%2, 2-qubit AlPJESY oF WAFTEL 25x10 ‘2 1AL

o
A HA AP v R 500 L7 S B3 SFES ALt
stal o] 5 201 ®HESte] H9 9 iFdAE YU 282 2-qubit
AlEZ ¥3}3l 3] 2 (RemoteCNOT, 10q;250d, 20q;125d)ol thafj A vt o]
o A9 A= v Zoi(2E 19).

ﬁ

10

4 E —+F 10g:250d
G -¥- 20qg:125d
—J-- RemoteCNOT

0.8

0.6

0.4 k.

resulting error rate

0.2

0.0

T T : T . T T T T ; :
20 22 24 26 28 30 32 34 36 38 40
sector capacity

T4 19 10q;250d, 20q:125d, RemoteCNOT A 7} 3209 tfs
T} o]& 7f2(sector capacity)® H}FLoj7lH XE Q=282
1-qubit Zlo]E @& WAYSEL 5x10 °, 2-qubit AOJE @& EH stgo

2.5x 107 ' 2 Algao| skt
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Abstract
[on—-Trap Chip Architecture

for Efficient Quantum Error

Correction Implementation

Lee Jeonghoon

Department of Computer Science and Engineering
College of Engineering
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Seoul National University

Ton—trap based quantum computer traps ions using electric field, and
manipulates quantum information using external electromagnetic field.
Especially, chip trap has DC electrodes and RF electrodes on the
surface of the chip to make EM field by applying voltages on them.
Chip trap has high scalability, but to trap many ions and use them
efficiently, algorithm to initialize ions and schedule moving ions needs
to be optimized. Also, optimal values of parameters depend on the
algorithm running on the chip, so optimization should consider various
architecture layers including hardware design and quantum algorithm.
On the other hand, unlike the bit in classical computers, qubit in
quantum computers is fragile to the external noise due to its physical
properties. Implementing a desired quantum circuit by mapping one
logical qubit to one physical qubit makes the result state incorrect
with high probability. To make high—fidelity quantum circuit, quantum

error correcting (QEC) codes use corresponding gates to encode one



qubit of information in multiple physical qubits. Various QEC codes
are studied to find efficient encoding scheme, such as minimizing the
number of physical qubits or gates used for encoding. Color code is
one type of quantum error correcting code with high scalability and
simple logical gate. Color code has Hadamard gate(H), phase gate(S),
and CNOT(CNOT) gate as a transversal gate set, so that applying
Hadamard gate to each physical is equivalent to applying logical
Hadamard gate to the encoded state. Number and order of logical
gates depend on the algorithm, but under the QEC, there are some
patterns in the behavior of physical qubits.

This paper proposes the ion—trap chip architecture for efficiently
implementing the color code, and analyzes its properties with chip
simulation. The parameters in simulation are determined based on the
level achievable in the laboratory, and several quantum circuits

consisting of 1-qubit gates and 2-qubit gates are used for simulation.

keywords : quantum computer, quantum information,
lon—trap, chip trap, quantum error correction code,
color code, chip simulation
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