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Simplest Example
~Encoding logical qubit~

oo o o o o' oo ~ data quit




Simplest Example

~Encod|ng Ioglcal qubit~

o o o L o | measured
o L, 94 o 9 ¢ g eigenvalue

S N N I
2 % H o % 9 ®_ .

S R I N Y I N ~ data qubit
‘%I'.O"&OO&I'.IO&O )N
|‘ @ O‘ @ .‘u @ 0‘ ® 06 [ 1

> | o S . > — the edge of hole
Q ¢ L 9 9 s .

o [ LT L oo 0o \ odd parity: 0
(%O.Oio‘kl‘ko"-l.o-o‘ o even parity: |
%0.0.0.950‘!.0".0.0.0. % It’s logical O here.
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Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)
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Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)

* High threshold: 1.4% for gate, memory,
measurement errors
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" Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)

* High threshold: 1.4% for gate, memory,
measurement errors

e Flexible:

—strength of EC grows incrementally
(compare to concatenated CSS codes)

—software-assigned resources
—easy movement of logical qubits
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" Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)

* High threshold: 1.4% for gate, memory,
measurement errors

e Flexible:

—strength of EC grows incrementally
(compare to concatenated CSS codes)

—software-assigned resources
—easy movement of logical qubits

\éupportmg classical processing achievable

./f‘/'n- ¥ i |
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Scalablllty fault-tolerance

 Trade-off between resources and threshold

* Thresholds

—unlimited range, unlimited qubits: ~ 10
Knill, guant-ph/0410199

—unlimited range, many qubits: ~ 103-10*
Steane, Phys. Rev. A 68, 042322 (2003)

—2D lattice, nearest neighbor: ~ 10~
Svore, QIC 7, 297 (2007)

—bilinear nearest neighbor: ~ 10°
Stephens, QIC 8, 330 (2008)

—linear nearest neighbor: ~ 108

Stephens, in preparation

Tuesday August 16 2011 6
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* Non-Clifford group operations difficult
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‘Surface Code Drawbacks

* Non-Clifford group operations difficult

* Direct calculation of residual error rates difficult
due to many error chains; determined via
simulation
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“Surface Code Drawbacks

* Non-Clifford group operations difficult

* Direct calculation of residual error rates difficult
due to many error chains; determined via
simulation

* Almost uniform set of operations across whole
device, but not quite!
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“Surface Code Drawbacks

* Non-Clifford group operations difficult

* Direct calculation of residual error rates difficult
due to many error chains; determined via
simulation

* Almost uniform set of operations across whole
device, but not quite!

* Extremely difficult to explain to classical
computer engineers!

;l& K*‘i

0 ’,\4
art /’u-
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Outline

* Stabilizers

* Surface Code Operation

* Theory of the Surface Code
* Advanced topics

* (system architecture reserved for next lecture)
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Stabilizers

W (1Y _ . = 1 0
0) = <()> = +1 eigenstate of Z = (() . )
- 1 . 0 1
_ 1 _ _
+) = 75 ( ) > = +1 eigenstate of X = ( | ()>

0) or Z
+) or X

|
\/5(‘()(» T |11>) or ZLZZ Xl)(‘z

B o 1 qubits, n independent commuting stabilizers =
: unlque state

fo- J »
esday, August 16, 2011
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Stabilizers

¢ n 'k Stabilize rS On SEt Of n Introduction to stabilizer theory
qubits leaves k degrees

1 Stabilizer definition

Of fre e d O I I l ) C a n e n C O d e k In quantum mechanics, a state is given by a vector, and an operator is given by a

matrix. The state of N qubits is a 1 x 2V vector, and an operation on the state is a
2N x 2V matrix.

[ ] [ ]
| O g I C a | q u b It S For example, a state of 1 qubit could be

* Measure set of stabilizers === ()
to ge't error Synd rOme In linear algebra, if for a matrix M there is a| vector V and a scalar v such that

MV=0V

then V is an eigenvector of M and v is the associated eigenvalue.
o S e e G O l l e S ' ' l a n P h D The vector V can be the eigenvector of more than one matrix. The vector V can be
o fully defined by the sot {M, v} of matrices that V is an eigenvector of.

The stabilizers of a state |y0) are the operators ‘—',..\‘1 where |¥) is an eigenvector of M

thesis, and the set of
notes by Clare Horsman - 7!
in download materials

10
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Operations

 Lattice cycle

* Detecting & correcting errors

* Holes as logical qubits

e Single-qubit X and Z gates

* Moving holes

e Braiding for CNOT (Primal & dual lattice)
* Non-Clifford gates using singular qubits
e “Singular factories”

* Measuring a logical qubit

Lo = e Y

7 > - )
7~ 2 \oh ¥ o N
g - L Y
£ o - o g
* e & O am, o8 11
X ; ! - k :' : ¢
J > | L
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Surface Code

edges of two holes =logical qubit

@ data qubit
ophase-flip checker

ebit-flip checker

Q

C

| e et e
]

@

\

parity cheg¢k!

parity chegk! parity ch parity chgck!

«— Q

M\
;k!
—

£\

QO— 0 —0

£\ [

Y

O ——» A —

/ \{

i parity chegk! |3y parity chefk! i parity Ch%k! l parity chgck!

Tuesday, August 16, 2011

13



Surface Code

edges of two holes =logical qubit

@ data qubit
ophase-flip checker

ebit-flip checker

\

[

Q @ O © Q o O o

lparity chegk! l parity chefk! l parity chik! l parity chgck!
Q — @ «— —> @ — @ —/8 @ «— —> Q@ «— 0
Q o o O ¢ O o

i parity chegk! |3y parity chefk! i parity chik! l parity chgck!

O ——> A —
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Entangling the Lattice
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Entangling the Lattice
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Measuring Z stabilizers
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Measuring Z stabilizers
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Measuring X stabilizers
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Measuring X stabilizers

o o o
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Full lattice cycle

o @ ® @ ® @ ®

e e © o © e © i
M. D "D 7§_
NN VAN VAN
® © e o e o e
M\
N
e e © o © e © D
/A
N
® © e o e o e .
QQQT%—
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Full lattice cycle
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Error syndromes

et
et
et
et
et




Memory Error |

o @ ® @ ® @ ®

/AR
¢/
4R
N
/AR
"

o @ ® @ ® @ ®
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Memory Error |

o @ ® @ ® @ ®

/AR
¢/
4R
N
/AR
"

o @ ® @ ® @ ®
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Memory Error |

/AR
¢/

D
¢/

AR
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Memory Error 2

o @ ® @ ® @ ®

/AR
¢/
4R
N
/AR
"

o @ ® @ ® @ ®

20
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Memory Error 2

O
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SPan
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Memory Error 2
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Measurement Error |
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Measurement Error |

O @ O °
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® ®
®

O @ O
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Measurement Error 2
Next Step

o @ ® @ ® @ ®

/R
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N
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</
o—e
~A
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Measurement Error 2
Next Step

/AR
¢/
D
U
AR
¢/

o o o o
@ o @ o @ o @ 0 0 0
o ® ® ® 0 0 0
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Gate Error |

23

SPan

/AR
¢/
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/AR
¢/
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Gate Error |

/AR
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Measurement Error

@ O °
®
O ®
®

@ O

DD D -

NVEEAN VAN ¥
O ®
@ O 0 | 0
O ® 0 0 0

24




Next Step
@ @
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Gate Error 2
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(Gate Error 2
Next Step
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Error syndromes
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memory error

Error sxndromes
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Error syndromes




Error syndromes

gate error g :I %/
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Simplest Example

~Encod|ng Ioglcal qubit~

o o o L o | measured
o L, 94 o 9 ¢ g eigenvalue

S N N I
2 % H o % 9 ®_ .

S R I N Y I N ~ data qubit
‘%I'.O"&OO&I'.IO&O )N
|‘ @ O‘ @ .‘u @ 0‘ ® 06 [ 1

> | o S . > — the edge of hole
Q ¢ L 9 9 s .

o [ LT L oo 0o \ odd parity: 0
(%O.Oio‘kl‘ko"-l.o-o‘ o even parity: |
%0.0.0.950‘!.0".0.0.0. % It’s logical O here.

>

c
Q

c
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Lattice holes as logical qubits

WIDE

* Introduce degree of freedom by
O O O not measuring stabilizer
(first, measure out any data qubits

O SZ O SZ O SZ O in the interior of the hole in X
basis, to disentangle)
O O O * Only one degree of freedom

associated with arbitrary size hole
O SZ O O SZ O * Here, 24 lattice qubits,
O Z stabilizers,
O O O 16 X stabilizers (but one not
independent) = 24 independent
O SZ O SZ O SZ O stabilizers
* n.b.: Holes referred to as “defects”

O O O in most papers, | reserve that term
for physically defective qubits

31

i'.
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o

O

Larger holes

O
O O e Only one degree of freedom

5 associated with arbitrary size hole

e Must correct three-term X stabilizers

O O (green)

o e Initializeto [0f,)
O O

O
O O

O

32
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Logical X and Z gates

* Degree of freedom can be
operated on by chains and
rings of single-qubit X and Z
on lattice qubits

33

|
o
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Logical X and Z gates

* Degree of freedom can be
operated on by chains and
rings of single-qubit X and Z
on lattice qubits

* Chain of X flips connecting
hole to boundary gives X gate

on logical qubit

33

: 1 2 B ~ 7;;
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Logical X and Z gates

* Degree of freedom can be
operated on by chains and
rings of single-qubit X and Z
on lattice qubits

* Chain of X flips connecting

hole to boundary gives X gate
on logical qubit

* Ring of Z flips around hole
gives logical Z gate

33

gL

g i s R é\ N .f‘ 2yt
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Logical X and Z gates

* Degree of freedom can be
operated on by chains and
rings of single-qubit X and Z
on lattice qubits

* Chain of X flips connecting
hole to boundary gives X gate
on logical qubit

* Ring of Z flips around hole
gives logical Z gate

* n.b.: This can be any ring
around the hole or any chain
connecting hole to lattice edge

33

g 5 o
e o S L TN
e 2 A ?ﬁ~ ek
4" 35 2% v -3 ¥, e
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Aqua . Advancing Quantum Architecture ﬁa&

Tuesdy, Agust 16, 011 )
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* Better to use a pair of defects to represent one qubit
— No need to connect operators to boundary
— Easier to move qubit around computer

* Independent adjustment of X/Z error correction strength
 Terminology: smooth qubit

Logical X gate chain connects the holes

Logical Z gate circles one of the holes

5 A
* 34
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Aqua . Advancing Quantum Architecture ﬁa&

* Can make a different type of qubit
e X, and Z, reversed

* Primal and dual lattice
35

Tuesday, August 16, 2011

35



WIDE %g Aqua . Advancing Quantum Architecture
Moving h
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%G DO OQ.

Moving holes

C)SZ(LSZ(J)SZOSZ(J)SZ S; O

O——0——O0—+—O0—+—0——0—

* First, expand hole using 7 S; = S,j T 2 12T S;_O

measurementsandstop 65,6 56 5050 5,0 5 O
measuring stabilizers o 1 o 1 oo 1 o 1 o
O O O O O O

OS,0 505 0S5 0 S 05 O
O O O @) O O

O 5z O O—MO=—M2—0 57 O
O O O O O O

36

> - ..;’i“ .,.‘.»,i?‘ s';;;:\(
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Moving holes

57

* First, expand hole using

O
N4

57

measurements and stop

measuring stabilizers

* Fix up w/ bit flips
(takes multiple rounds,

depending on distance)

, . v, 4
A N b S ‘_:.( :
g S rels i al e R R
Y5 e T Rk = .ﬁ- oyt ~
"3 -~y aE s & .
F o »

T AN L R Sl
Tuesday, August 16, 2011
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Aqua Advancing Quantum Architecture %;(Eh
Moving holes

oszo szo Szoszo S, O S, O

O—+—0—+-0 O O O

* First, expand hole using | S; —— SCZ) T S; 127 SCZ) T

measurementsandstop 65,6 5,65, 05,06 5,06 5 b
measuring stabilizers otoltolololo
O O O @) O O

* Fix up w/ bit flips 0S,05050S 0S5 05 O
(takes multiple rounds, o0 - 0 0 0 0

depending on distance) O S, MO—ME—ME—0 Sz O
O O O O O O

e Shrink hole to new
location

O O O O O O 36
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Simplest Example
~NOT gate operatlon~

Qo o o L o L measured
o L, 94 o 9 ¢ y g eigenvalue
o o[ 31 %
2 o 5 o % % % °_ .
! S ‘% ‘% ‘% % — data qubit
b % ] o
o ,
o G g
> o o — the edge of hole
> % b g ,
o 4 \ odd parity: 0
» 0 » 0 . ° even parity: |
% 08 % It’s logical O here.

>

c
Q

c



Simplest Example
~NOT gate operatlon~

Qo o o L o L measured
o L, 94 o 9 ¢ y g eigenvalue

SRS S S W
2 o 5 o % % % °_ .

! S S ‘% ‘% ‘% > — data qubit
S ] o

oo ,
o % g

> o o — the edge of hole
> % b s ,

o L IC \ odd parity: 0
L 0 O‘ 0 . ° even parity: |
%9 % It’s logical 1 here.

changed!

>

c
Q

c



Simplest Example
~NOT gate operatlon~

Qo o o measured
0, ] L9 l g eigenvalue
! _

% ! — data qubit
» | o

® |
o g

* —— the edge of hole
> % o .

9 odd parity: 0
L 0 O‘ ° even parity: |
LI % It’s logical 1 here.

changed!

>

c
Q

c



Simplest Example
~NOT gate operation~

o o o L o | 0 measured
o L, 94 o 9 ¢ i eigenvalue
! thkl-g’kl'qt%qu °_
' SN T ST S D S — data qubit
%.“oqoq.“.%w o
S B S .
0“000“00k <io'o‘|'| * > — the edge of hole
o L 10y, 19 [9 .0. ! odd parity: 0
(%O‘O*O‘“,‘O'O‘O',‘P'% ° even parity: |
L I A TR IR I I % It’s logical 1 here.

changed!

>

c
Q

c



Simplest Example
~NOT gate operation~

S S S R N A A measured
o L, % ¢ 9 o L 0o o o eigenvalue
5 o1 %% o1
0‘ I. I. I. O‘ O‘ O. O. I. O'_
! S N D B T O O N A S - data qubit
2 % % % b G % % % s
(LG S I B W
e & %% % % % e G_ %
Obo.obo.kloz) 000"-|°-| » o % the edge of hole
o T, 100 TgTg o Oufyler odd parity: 0
%%%%hg).(g).ﬁ)y,(?p,(gl,%o,%o, even parity: |
% . % . % pari |ésod’ooncbg &hoaﬁgoej. It’s logical 1 here.

° changed!

>

c
Q

c
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"Initializing logical qubits

O O O O O O O O O O
O O @) O O 0] O @) O O
O O O O O O O O O O
+ + + + + + +
O O O O @) O O O O O
+ + + + + + + +
o o R Lo o R o O o o o S o o
+ + + XL+ + + +
0] O ®) O =0 O ®) O @) 0]
- - + - + + - -+
O O O O O O O O O O
: 5 + + + ¢ - +
®) 0O @) O O @) O O ®) 0]
+ + + + + + + +
o o © RS (o R o O  SeeenOreeeeenees O---o+ o) o
+ + + + + + +
O O @) O O O O @) O O
O O O O O O O O O O
O O @) O O O O O ®) 0]
O O O O O O O O o O

e Start with region of  |+)
« Smooth qubit in £1 eigenstate of X,

e Measure Z stabilizers -

42




WIDE Braid.ing a CNOT

* Braiding smooth pair with rough pair gives CNOT

(WHY? Stay tuned...)

a.) o b.) 0 c.) o d.) o
0 0 o) o) 0 o] o ]
Q Q Q Q
| | | |
| | | |
1 XL I I I X,
| | | |
| | | I
© v o N 5 : b o o b
o 1 Ux  Mx | e ——end Mx  Mx | ——e °““7K
Xl o o : : o lgx : o |
o " o | I o o I : valent
oX - : |\</)|x : l\élx : ‘/‘I‘/ equivaien
o o o o o ' o o o ' 0 o o ' I—b—‘XL I
My My ! ! | : ! !
o) o o) O | o o) Q I o o) Q I © o: |
| | |
| I I |
M : = | : © | : - -2 - |
© | ' | ' | '
______________ | L L_____________I
o 0 o
o o o o o o
o O o

43
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WIDE <, Aqua . Advancing Quantum Architecture ﬁﬂ,@,
Braiding: 2D+T Picture

! dual qubit.

\// (Rough holes)

} primal qubit.
(Smooth holes)

>
Time

picture from Raussendorf et al.,
NJP 9, 2007

44
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WIDE " Smooth-smooth CNOT

e Circuit is equivalent to CNOT followed by (Z @ Z)Mx followed by (X;)"z

control in control out
ancilla |0,) —f—b—P—M;

ancilla |+ target out
target in My

e Circuit can be represented as a braiding of defects

control in control out

N

ancilla |+ | target out

|
ancilla |0;) | [ﬂ L | M

target in | My

e Equivalent more compact braiding

CREETS

control in r control out
|

target in 7 A — target out

45
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Non-Clifford gates

lr,),
e We can perform gates X, Z;, Mx, My and CNOT

e We can prepare states |0y, ),

—|—L> and ‘_L>

e Not universal without the following:

a.) |
w(10)+e°[1)) —7— Re(o)¥)
¥ S— Mz
b.)
L (lo)+e®[1)) —p— Ry(o]¥)

! 1 , A ."_, :’b‘ % {' ' 46
& A ?"5‘#"';( o $ A )
¢ z ! ‘ T %

AQUua : Advancing Quantum Architecture X S,

Tuesda, ugust 16, 2011
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State Injection

setto o|0)+p|1)

Q < & O O O O O O <
o C o O (o] o o O (o] Q
O o O O O O O O O o

O O o o Q L O o o Q

Q

O

e Set a single qubit to desired
[ e e e state «|0) + 3|1) (My then rotate)

e Increase size of defects using
I W M Wl Ol s Ol Y Pl ® X measurements

o)
Q
0
o)
o]
O
o
o)
O
Q

O < Q Q Q O Q Q (e O

X'  gaizgzzz W e Separate defects by measuring
ol ey o oo | o llel Lty o and correcting Z stabilizes

e Procedure is not fault-tolerant,
S ) I Sl st s Tl il s restart if errors detected early

O O O ? 8 (2 (2 QO Q O
o 33133 1 1,1 e |Logical state will not be perfect
o Vih o | o o | o W10 o | «|0) 4+ 3]1), however...

Q O O Q Q O O . O O
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State distillation: “Singular factories”

e [wo very special states exi

and |A) = %(|O> + eim/4

e [ hese states can be ‘“disti

st[Y) = = (J0)+i[1))
1))
led”

e Imperfect |Y) and |A) states approach perfect
versions exponentially quickly

e Probability of success asy

mptotically close to 1,

though some byproduct operators needed

Y) ? My
Y) ¢ My
Y) —b—P 0 ¥
Y) : My
Y) —& b—b—M4
Y) P—P—D— Mz
Y) —b—b—b M

* M X
2 MX
MM -
& U
2 MX
Y D D V]
N N N Z
M M D
N2 N MZ
A4 A A A
N(ZZEN VAN Ile
L 2 MX
Y MM
N U U Ile
D M M
N T U IVlZ
MM D
N V2N N IVlZ
MM ™ M
\N|ZEEEAN AN ) IVlZ
D M M
NV N 2N MZ
MmN V]
N ZBENAN /AN ) Z
AN A A 2 A A
T U U U U Tdviy
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Universality

* Adding these states:

1Y) = (|0) +i[1))/+/2
A) = (|0) +e™4|1))/4/2

gives us probabilistic, heralded universality
* Logical Toffoli gate consumes

7 |Y)and 4.5 | A ) states (average)

 Distillation of enough states for one Toffoli gate
~1800 singular qubits + braidings
“(certain assumptions, not detailed here)

& T :
< l:‘;'.? . th'.,

BENTS )

49
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Measuring a Qubit

1 0 0 1 0
O O O O O
0 0 0 1 1 1
O O O O o O
1 0 1 1 0
O O O O O
0 0 1 0 0 0
o O O O O O
1 0 0 0 0
O O O O O
1 1 1 1 1 0
o O O O o O
1 0 0 0 1
O O O O O

 Measure region in Z (or X) basis

* Every ring around either defect odd
parity, stateis 1

LaBdioe « Majority vote when not all same
ERen 50
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5 E:%IZIJI
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USCViterbi School of Engineering
NSACA

ShibaSoku

high quality broadcast and video equipment

Quantum.
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Theory

* Why braiding works
 Code distance

e Estimating logical error rate

54
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" CNOT: moving defects

e Start with surface |W) satisfying Z;|V) = |V) and Zface
e Measure center qubit in the X basis to produce |¥’)

e Surface |U') satisfies Z, Zface|V') = |W') and £ X|U") = |T')

o) o) o) o) 0 o) 0
o) o o) o o o
o) o) g o) o) o) o) o)
o O o O o o
A z
o) o) Z ZOo o) o) o) o)
o o 5 o O o
o) o) . o) o) o) o) o)
o) o o o o o
o) o) g o) o) o) o) o)
Z

55
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o If M) = [¢0), then Ulep)y = UMUTU ) = M — UMUT

e CNOT manipulates stabilizers in the following manner:

bbme dsdms 4ib-% ded-s

e Need to show we can do this by braiding defects

a.) ° b.) o c.) o d.) o
(o) o) (o) (e} (o} 0 O o}
9 Q Q Q
| 1 | |
| | | |
I XL | I I XL
I I I I
I 1 | I
© v o N b : b o o b
Q o* 0% Q |=———— | = = =—=0 Mx Mx o} |m——=0 Q= == == X
I\C/JIX o o) | I o l\élx I o I \
' | | |
o M o) ' ' ? ¢ ! : ivalent
oX - : |\</)|x : l\gx : / equivalien
o o 0o o o | o o o | 0 o o ' l—b—jXL |
My My | I I | |
o o o | o o ¢ : o 0 Q : © q I
|
o o o o o o I o ' | & _ '
Mx o o o |\c/>|x : ' : | : ! |
Mx Mx Mx M ! ' ! ! : |
o X ox oX X o B it et e L e |
O O O O O
(o] (o) (@) O
O O le) o) O O O O
(o] 1o o) o 56
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CNOT: [®Z — Z® Z

a.) o b.) 0 c.) 0 d.) 0
o} 0 o) (@) 0 @) O o
O O O O
o o o =05 =0 =07, T N |—-c>——lzL
o M Mxo ] 5 M Mk o o ! o o
M | My || | i | |
o) 0 O | =0 ——Q 5 —0~I by 2 e RS l S © e
o o o o : |
i ==l x| | |
I
o) o) o) o o: o) :o o: o) : : o)
Mx I Mx i | [ | I
o o o |07, o o e o o . I o o
|
TR S S VAR v : | - A—— : | i
O O O O O | | | |
o M M Mk Mx o4 | : 12,
oo —e=—o=io- e —— ! SN | |
3 5 3 5
O O O O O O O O
O O @) (0]
e Mappings I & X — I @ X and Z @1 — Z @& I also easy to show
e Defects can be interacted over arbitrary distances in almost constant time
e Still need CNOT between two smooth qubits
57

e cture SRFG
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WIDE " Smooth-smooth CNOT

e Circuit is equivalent to CNOT followed by (Z @ Z)Mx followed by (X;)"z

control in control out
ancilla |0,) —f—b—P—M;

ancilla |+ target out
target in My

e Circuit can be represented as a braiding of defects

control in control out

N

ancilla |+ | target out

|
ancilla |0;) | [ﬂ L | M

target in | My

e Equivalent more compact braiding

CREETS

control in r control out
|

target in 7 A — target out

58
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Error correction

e All error correction based on X2 = —Z X, eg:

Z1Z223Z4X1 L)> - —X1Z12223Z4 L)> — —X1 L)>
o O o O O O o o
X X X
o X O o) g/-1 0 o -1 @ O @ -1 O
o O OX @ XO O O O O
Z Z X
OZ ® Z@Z ® ZO @<~/ O O 0 o) o) O
Z 7 X /Ty Z Z
o o oxo<o O\ e -1 o
o -1 o -1 o é -1 ©O o) 0 0 0 0
o O O O o

O O O

;w:";. Need to carefully handle false syndromes and error

.\ 2 f.?:.‘, .
: B oy 2 g chains 59
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Error correction

. A * Record time and position of
. ¢ changed syndromes

* Match closest pairs

\

* Apply corrective operations to
spacelike edges

* Works very well, threshold
error rate ~1%

L T
0 v e
b gt

. \ s . - 2.
5 24 nl."
Syt 2 Ume
i
- .
ot
@R =
(> a2l N : .
N ke Ky B
R 5 o 0¥ By
- ' L »
- % -
3 b
L - P
- -» »
.

e

60
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Error Chains and Logical Gates

* Learn only endpoints of error @) S
chains .
®©

* Guess a path x._.:]

e Usually (hopefully) results in
meaningless loop Q- Q@ enor

 Complete error chain 8
(natural or mis-correct) @
results in logical X or Z gate

EITOT

EITOT

LA

not an error

® @
Oq,_[ﬁ@ not an eror

& J—'JO not an error (yet)

- Col et | SN v
- el O ¢ s N - =
- o L T 4 T Vo
P e S
K a4 "
i : L
(™ -

5
2 - & T oS L TS s
s YRR
D o

1" 3 -

"I‘—‘ar‘ e o . D) e e
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What is error correction?

: ) 7% T e
. BT P - =~
Y s om0 :
’ - r» Y
’ & &
o R 62
o o L TN
x . ™ e L R
s - ‘ 5 4
27 i ”~ e
_,,# > GT. S 3 N5,
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What IS error correction?

* To protect against errors, encode a few logical
states in larger physical Hilbert space

62
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What IS error correction?

* To protect against errors, encode a few logical
states in larger physical Hilbert space

* Physical errors take the system out of the code
space
—=» Goal of correction is to get back into code space

62

’A; ’ " ’ w" X
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What IS error correction?

* To protect against errors, encode a few logical
states in larger physical Hilbert space

* Physical errors take the system out of the code
space
—=» Goal of correction is to get back into code space

 Some measure of “distance” from a legitimate code
word (logical state)

—=>» Usually move to “closest” logical state

62
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What IS error correction?

* To protect against errors, encode a few logical
states in larger physical Hilbert space

* Physical errors take the system out of the code
space
—=» Goal of correction is to get back into code space

 Some measure of “distance” from a legitimate code
word (logical state)

—=>» Usually move to “closest” logical state

* More than halfway, you mis-correct

—=» Mis-correct equivalent to accidentally executing a
logical gate

62

- > =y
b WA T
o\ 1wjﬂ~ﬁ§rﬂm
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3
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Threshold
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Threshold

e Executing error correction is itself a physical
procedure

< 2. The o o B2 63
: o« T o f & L
4 Z e ‘ir AR o Vi e

/% Pk o - =

fAE~- B & e o
Sl R = e ‘_J»

Tuesday, August 16, 2011 63




AQUa : Advancing Quantum Architecture &

Threshold

e Executing error correction is itself a physical
procedure

e EC can introduce errors

[ et | e Pl
. Par SR, e 5 ~
e 7 X e
SR R . -
‘ : @ e 3
e o « T g o> N
[ SR A s

RSy

37 T - v T e S
4 l‘#‘ / G S At ) N5
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Threshold

e Executing error correction is itself a physical
procedure

e EC can introduce errors

* Threshold is error level at which probability of
logical error declines if you apply EC

FROV L o R o
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Threshold

e Executing error correction is itself a physical
procedure

e EC can introduce errors

* Threshold is error level at which probability of
logical error declines if you apply EC

* Most threshold analyses assume gate, memory,
measurement errors same probability

63
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Threshold

e Executing error correction is itself a physical
procedure

e EC can introduce errors

* Threshold is error level at which probability of
logical error declines if you apply EC

* Most threshold analyses assume gate, memory,
measurement errors same probability

* Generally must beat threshold by 1-2 orders of
magnitude

e 63
v Ve L BN
Fr e "4;-‘}‘,.-&?“ s Y
STl S R 2
o 2 5Ty
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Simplest Example

. Iroqglca | Erro '~ easured
0, s eigenvalue
» : o_
% — data qubit
! o
I
L .
X * —— the edge of hole
% ! odd parity: 0
L 0 ° even parity: |
® % ¢ L L 0 % It’s logical 1 here.
%1 Unidtentledichahges ard erfors!

changed!

>
c
Q
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Surface Code
~Code distance~

® ® ® ® ® ® ® ®
¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢

" most probable bit-flip chain




Surface Code
~Code distance~

® ® ® ® ® ® ® ® ® P .
logical memory error rate —
® ® ® ® ® ® ® ® ® ® 4

® ® o o ® Py P P PA Pphysica,l memory error rate
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Surface Code
~Code distance~

phase-flip chain ¢ g Plogz’cal memory error rate —

® @ @ @ ® ® 7
e ® ® ° ® ® Pphysical memory error rate

o o ol ol o'l ol ol ol ol ol ol ol o
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Surface Code
~Code distance~

Pphysical gate error rate

® Plogz'cal gate error rate —

7
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Exponentlal Suppression

S 1
e Classical simulation of : |
small lattices = 01
* Error rate s o001
étop N eXp(—K(p)l) gl 0.001 e 3
o — h t E - = l= | .
P =pny errrate 2 0.0001 t = 7 —x— |
K~0.9 S | l= 9 o
| = min err chain length 2 fe05 S
= 100 1000 10000

number of non-trivial error cycles of length

* Still a polynomial correction needed
 Raussendorf et al., NJP 9, 2007

71

[ “:/;'53 ;& ﬂh %-ﬂ .
Tuesday August 16, 2011 71




0.92

0.86
0.84
0.82

0.8
0.78
0.76

fidelity of error correction

. } A
; >4

SIS, 5 5 U e e
[ o o T e .’
4" < Y - = o
47 AT X £ g
-rg‘ 2 R - A

09 o
0.88 | - 3

[l =3

=5
| =7 *
[ =9 =
=11
- ll =13 . o . | |
0.007 0.0072 0.0074 0.0076 0.0078 0.008

error probability p

* Gate = Memory = Meas errors =0.75%
 Raussendorf et al., NJP 9, 2007

72
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Advanced Topics

* 3-D version, talk to Simon

* Defective lattice

* Planar code

* Surface code communications

* Uses in distributed quantum computation

73
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Defective lattice

Current estimate is that
yield of 90% halves the N
effective code distance.
Nagayama et al., in preparation N N &
Effective d B
1T s
O d=
8 &7
o L |.o9=8 | ...
0 d=9
oob oo .0e=10 ]
5 d=11
gbooee=12 oy \
12- | = m e e e e &
code distance = 4d o.|52I Io.|58I Io.|64I Io!7 076 082 08 094 1
74 Yield
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Planar Code

e

P -
il

® Use one wh
per logical g
instead of
holes in surface =~ @

® (Gates done by ir
and splitting

® Useful for small-scale experiments

75
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" Surface Code Strengths

77
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Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)

77
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Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)

* High threshold: 1.4% for gate, memory,
measurement errors

77

‘ “ B 4
Barpt o i RS
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" Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)

* High threshold: 1.4% for gate, memory,
measurement errors

e Flexible:

—strength of EC grows incrementally
(compare to concatenated CSS codes)

—software-assigned resources
—easy movement of logical qubits

77
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" Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only
operation (physical feasibility high!)

* High threshold: 1.4% for gate, memory,
measurement errors

e Flexible:

—strength of EC grows incrementally
(compare to concatenated CSS codes)

—software-assigned resources
—easy movement of logical qubits

\éupportmg classical processing achievable

./r“/’a-

77
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Key References

 clearest explanation:
Fowler et al., PRA 80, 052312 (2009)
(source of many of the figures)

* detailed paper:
Raussendorf et al., NJP 9, 199 (2007)

e cryptic seminal paper:
Raussendorf and Harrington, PRL 98, 190504 (2007)

e Surface code communication:
Fowler et al., PRL 104, 180503 (2010)

e Defects in the surface code:
Stace et al., PRL 102, 200501 (2009)

78

Tuesday, August 16, 2011 78



P

QEI Aqua . Advancing Quantum Architecture X

N TN N

Surface code MFRDFTECHTEFa—-KU7IL -

D Surface ... X h\\":-,sloch sphe... In‘-:."- The Turin... | \{' Hamiltonia... Jl@tcoogleNe%“ Ik f!_liopula'r- | Underwate...
(4‘!? | | http://www.soi.wide.ad.jp/class/cgi/class_top.cgi?20110030 v \C " Hamiltonian Q
(] &<MBEA—Y v | | Firefox ZHEWNT... BHF=21—X v A WMMTFM88.7 .. | | #&% - M9%/... | ) J-GLOBAL- ko7 ¥ May}u‘»gs&brbﬁ% )@ B{rooz Parham...

home admission 3 y search feedback

Surface code EFER_DEIEIKBEISFa2a—MIPI - T7—02av7

BHSE

Surface code B FRDEJECEWIEZFa—rMIZI - 70397
FIRST/Quantum Cybernetics/CREST Joint 1.5-day Surface Code Quantum Error Correction Tutorial/Workshop

WIDE

BER 2011428238 (X&) 10:00-17:00, 242 (K) 10:00-12:00 N b e 2 : -0
& : G o] :b £ ‘f&l Vzoﬂdﬁ}b .
B KRKZEPF vV /(R - BETFHRH | http:/ jwww.sol.wide.ad.jp/class/20110030/cgi/flv_play.cgi?201 1oo3o+01
{8 #F Rodney Van Meter (BREZHBAZ) | Jb)BE  (KBRKE) Surface code l?ﬁOHEkN?’é?J KUPIL: 9—0 Y ./7 ) #01

MES KILBA. Rodney Van Meter. Clare Horsman (BESE#sA%%) , 23/2011/02
5 : g 7037 b

BRITIZI
BRULEWEEZ I 7 ULTLREW,
% 01 [E 2011/02/23 Day One (1)
4 Lecture Material 1 (pdf) (3096445/%+ k, 5/4/2011) -
4 Lecture Material 2 (pdf) (1670839/%1 k, 5/4/2011) , Surface Code Quantum
- Introductions/Plan for the two days [Rodney Van Meter] Comy “tam“;m:" & Workshop
- Basic surface code concepts [Shota Nagayama)
- The lattice and cluster state, stabilizers, qubit state

B3 Start Video

#8 02 [g 2011/02/23 Day One (2)

4} Lecture Material (pdf) (2416589/% k, 5/4/2011)
- Intermediate topics [Rodney Van Meter]
- Lattice operation

* http://aqua.sfc.wide.ad.jp/Publications.html
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Preview: What kind of system can run
surface code effectively?

* Billions of qubits

* GHz physical gates

* Millisecond memory lifetimes

* Error rate ~0.1%

* ~] year to factor 2048-bit number
e Stay tuned...

30
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