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Surface Code Strengths

* Simple, 2-D or 3-D nearest-neighbor-only operation
(physical feasibility high!)
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AQUA : Advancing Quantum Architecture %:(XV

" Surface Code Strengths

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

* High threshold for gate, memory, meas. errors

— ~1% for large systems (arXiv:1110.5133v1 [quant-ph])
(n.b.: slightly worse than previously said for large sys)

— possibly 2-3% for small experiments
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“surface Code Strengths

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

* High threshold for gate, memory, meas. errors

— ~1% for large systems (arXiv:1110.5133v1 [quant-ph])
(n.b.: slightly worse than previously said for large sys)

— possibly 2-3% for small experiments

* Flexible:

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

—software-assigned resources

—easy movement of logical qubits
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WIDE Surface Code Strengths T

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

* High threshold for gate, memory, meas. errors

— ~1% for large systems (arXiv:1110.5133v1 [quant-ph])
(n.b.: slightly worse than previously said for large sys)

— possibly 2-3% for small experiments

* Flexible:

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

—software-assigned resources

—easy movement of logical qubits
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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: ~ 10~
Stephens, PRA 80, 022313 (2009)
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Space Overhead Example:

= 7# Racetrack”™ Architecture
; 6,000,000,000 imperfect qubits

12,000 perfect qubits

771N | |
avetal, s 205 2010)arx:  TOT Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]
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Space Overhead Example:

» Racetrack” Architecture
6,000,000,000 imperfect qubits

RHG Surface code w/ d = 56

gate error rate 0.2%, KQ ~ 10715

12,000 perfect qubits
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Space Overhead Example:

» Racetrack” Architecture
| 6,000,000,000 imperfect qubits

“ Singular state “factories” for

non-Clifford gates

x10,000 RHG Surface code w/ d =56
gate error rate 0.2%, KQ ~ 10715

1 12,000 perfect qubits
avetal, s 205 2010)arx:  TOT Shor’s algorithm for 2,048 bits
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Space Overhead Example:

» Racetrack” Architecture
| 6,000,000,000 imperfect qubits

“Wiring” space to move qubits around

“ Singular state “factories” for

non-Clifford gates

x10,000 RHG Surface code w/ d =56
gate error rate 0.2%, KQ ~ 10715

1 12,000 perfect qubits
avetal, s 205 2010)arx:  TOT Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]
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Space Overhead Example:

w'Racetrack” Architecture
| 6,000,000,000 imperfect qubits

Overhead to work around
assumed 40% vield

“Wiring” space to move qubits around

Singular state “factories” for
non-Clifford gates

RHG Surface code w/ d =56
gate error rate 0.2%, KQ ~ 10715

12,000 perfect qubits
avetal, s 205 2010)arx:  TOT Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]
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Space Overhead Example:

= 7# Racetrack” Architecture
6,000,000,000 imperfect qubits

Gate & memory error rate
have huge impact here

x10,000 RHG Surface code w/ d =56
gate error rate 0.2%, KQ ~ 10715

12,000 perfect qubits

avetal, s 205 2010)arx:  TOT Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]
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Space Overhead Example:

= 7# Racetrack” Architecture
y = 6,000,000,000 imperfect qubits

@ W Singular state “factories” for

non-Clifford gates

| 12,000 perfect qubits
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Space Overhead Example:

«17# Racetrack” Architecture
: 6,000,000,000 imperfect qubits

Direct tradeoff of

speed v. space here:
/ 1/8 the space, 1/8 the speed
e W Singular state “factories” for

non-Clifford gates

[ 1 12,000 perfect qubits
dvetal, ’}Q,g, 205 o102 TOF Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]
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Space Overhead Example:

= 7# Racetrack”™ Architecture
6,000,000,000 imperfect qubits

m “Wiring” space to move qubits around
\ Not too bad

12,000 perfect qubits

771N | |
avetal, s 205 2010)arx:  TOT Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]
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= 7# Racetrack”™ Architecture
6,000,000,000 imperfect qubits

Overhead to work around
assumed 40% vield

12,000 perfect qubits

771N | |
avetal, s 205 2010)arx:  TOT Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]

Thursday, December 15, 2011


http://arxiv.org/abs/0906.2686v2
http://arxiv.org/abs/0906.2686v2
http://arxiv.org/abs/0906.2686v2
http://arxiv.org/abs/0906.2686v2
http://arxiv.org/abs/0906.2686v2
http://arxiv.org/abs/0906.2686v2

Space Overhead Example:

= 7# Racetrack” Architecture
y = 6,000,000,000 imperfect qubits

Overhead to work around
assumed 40% vield

Looks bad, but analysis shows
using stringent definition of “good”
device keeps QEC overhead low

| 12,000 perfect qubits
averal, nars 295 oy e TOT Shor’s algorithm for 2,048 bits

0906.2686v2 [quant-ph]
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Outline/Results

* QuDOS architecture arXiv:1010.5022 [quant-ph]

* Lattice surgery for the planar code
Horsman et al., arXiv:1111.4022 [quant-ph]

* Surface code on a defective lattice
Nagayama et al., in preparation (poster tonight)

* Quantum picturalism
Horsman, NJP 13, 095011 (2011)

* Graph embedding
Choi & rdv, ACM J. Emerging Tech. in Comp. Sys. 7, 11 (2011)

* 2-D adder circuit
Choi & rdv, ACM JETC, to appear (arXiv 1008.5093)

* Networking/repeater protocol development
Aparicio (Best Student Paper Award @AINTEC 2011), multiplexing, Recursive
Network Architecture, qguantum Dijkstra for request routing, etc.

~* Education & outreach

10
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Lattice Su rgery

ot ,,,
.,-o.o‘ .

e
e
-
- »»
- -
.14‘::,0""
- < -
-

® Use one wh
per logical g
instead of
holes in sur

® Gates done by mergi !ﬁ\u
and splitting surfaces

® Useful for ‘s

® 53 qubits for dlstance-3 CNOT
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Three Forms of Surface
Code
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Transversal ==> Surgery

|3




Transversal ==> Surgery
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Merging and Splitting

) = a|0); + B|1)L
® Merge operator takes 6) = o/|0); + B'|1)L

two qubits to one )
V) @ [9) = alg) + (=1)Y 5|o)
— Q,|L,> + (—l)]\lﬂl‘[‘>

® Splitting surface turns
one qubit into Bell pair-like state

Thursday, December 15, 2011
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C) @

CNOT

C) = al0)+8|1)L
T) = |0)r + B'[1)L

INT) =
INT) =

O)L
C) = al0) + (-1)MB|1)L,

C' INT') = a|00);, + (-1)¥ 8|11

[C"UNT'@T)) =al0)L@(0)@ |T

)+ (—DYB e ()@ |T))

= a|0); ® |T) + (=1)M*M)g|1), @ |T) '
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Proposed 21,
Experiments SO -

® 53 qubits for distance-3 CNOT

33 data, 20 syndrome
9+4 would be enough for single logical qubit
21+12 enough for Bell pair creation

® Details on:

State injection

Hadamard gate

Movement of qubits

Behavior of “rough” v.“smooth” operations

® are in the paper arXiv:| | 11.4022 [quant-ph]

|7

Thursday, December 15, 2011
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abstract

SC on a Defective Lattice

® Purpose

® to develop surface code extension which deals with
faulty devices

»to adapt surface code to realistic situation!
® Approach

® modifying error correction units
® scheduling QEC units

® FEvaluation

® threshold and
scheduling/timing

Quantum Dot

N. Cody Jones, Stanford Univ.

Thursday, December 15, 2011
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Perfect lattice

Defective lattice

faulty device . :
4 Defective lattice
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abstract background problem idea difficulty evaluation schedule

ldea

Perfect lattice Defective lattice
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this is Z syndrome only 21
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idea

Perfect lattice
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Idea

Defective lattice
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idea

Idea

Perfect lattice Defective lattice

\ 4 \ 4
214 | £—-—4 qubits s
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A A A
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vV 3 qubits IR
0> 0“0 00> 7/0 > 0“0 00 o S
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26 ,
6 steps |9 steps =
0 e “ .
23
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Perfect lattice
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Defective lattice
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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 a7
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
25 Yield
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Plans for 2012

* Continue pushing surface code toward feasible
experiments

* Resource estimates for Trotterized phase
estimation (quantum simulation algorithm)

— Condensed matter ground/excited state energies

— Examine robustness against error

26
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u" UNIVERSITY

Aqua . Advancing Quantum Architecture d-"'( E&‘

ours of Lecture on Surface Code

o

Surface code MFROITEKL d gy

Surface ..~ |\ Bloch sphe.. | T TheTurin.. _\\' Hamiltonia..  {_ GoogleNe.. -*§ Popular-..  Underwate.. [ ' (‘w "u‘
< é > http:/ /www.sol.wide.ad Jp/class/cgi/class_top.cgi?20110030 *4-  Hamiltonian Q

() &<HBR=Y v | | Firefox E@VT.. LJBME=2—X ~ A WMMTFMS87 . | | WS - M98/ | | J-CLOBAL- h97 M)ﬂ»ss!&kkbf% ) rooz Parham...

home admission class search feedback

— ~
Surface code BFROITEKEISFa2a—MNIPIN - 702397
sHsE
mw Surface code MFRDITECRWIEFa—~bIPN - 0=02 397
FIRST/Quantum Cybernetics/CREST Joint 1.5-day Surface Code Quantum Error Correction Tutorial/Workshop
BN 2011428238 (%) 10:00-17:00, 242 (K) 10:00-12:00 af\ R o - -
3 — g .__‘ s % WOI@ :
W KABXZRPF v /)R - BRTFHERE | hup:/ fwww. sol.wide. ad.jp/class/20110030/cgi/fiv_play. €gi720110030+01
04N Rodney Van Meter (RBIBRBXE) | jIBE  (ABRX¥) fSurface code l-f-'l') NECRTEF2—-bITPND7=022av7 ; #01

WS A LMA,. Rodney Van Meter, Clare Horsman (BESRAE) 23/2011/02

BRYFUPNL
RAULRVEEZ v 720LTCRAW,
®Oo 2011/02/23 Day One (1)
# Lecture Material | (pdf) (3096445/% b, 5/4/2011)
& Lecture Material 2 (pdf) (1670839/% k, 5/4/2011)

- Introductions/Plan for the two days (Rodney Van Meter]
- Basic surface code concepts [Shota Nagayama]
- The lattice and cluster state, stabilizers, qubit state

83 Start Video

M 02 @B 2011/02/23 Day One (2)

# Lecture Material (pdf) (2416589/%1 k, 5/4/2011)
- Intermediate topics [Rodney Van Meter)

- Lattice operation

* http://aqua.sfc.wide.ad.jp/Publications.html

27
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MK WK BERRE BE

EFRAcX

B FREX(Quantum Key Distribution, QKD)i&, BEEZTS"EMTO X 1 7RELERIET DI, BFHEEBWVWTS
HELU, ThEHEKEEEES - 88575, BFREZXBUVEVEBFES CERAI NN, BFREXBBFESKIFC
do

BFAREFRIB LI -TRSNSERLGHRRB, BEEZTSI"EHENZOEBELCAVSKIVMEEDRBLEISLTEHA
TEDEVWIRTH D, ChZBTHZOEEANFRBILELDZHDT, BFREBVATIILERKI>TERBENSBMULTULES
TEAR=FBRFSHOHLETROERETANTSL2ENH D, TOWMATANRACTERAAIMESIZRITILEFNAT S,
HONERV. BTRECHIMBEBRZET AL L>TERERN TSI ENERIBEIATLAERRTHIENERS
EWMEZTE->cEE, BEMIPRIESNCESREERL. TRUNOBERBELMTOhLE UTRERBITOYICEEE

QKDL B 2WEMHRERFHFORBERALICLTVWSDICH L, EROESRACK T O h JJLIREREOSTHEHIER ICHMET
RBUE LTWVWD ), BRERAT DI ENERT, FTNBCRERETLAICRIET D I EREERRWV,

BRFRICEBREER - KETHILCDHEDN,. RBROT-IBREICREDNLEV,. TROEIOESRBEABESLY
BIENTE, BESEINLT-IREBEBOEERICK>TEDI LA HES.

INCBHBELLBESEFLTIZLAELTIVIALNY KEBD, THRFIARGBERE BV RCERTRRSNER
ShTng, 1

BR [3#&K]

1 B3R
1.1 BB84 protocol: Charles H. Bennett and Gilles Brassard (1984)

1.2 E91 protocol: Artur Ekert (1991)
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