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AQUA: Advancing Quantum 
Architecture
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AQUA: Advancing Quantum 
Architecture

Distributed Quantum 
Computing Architectures:

Devices              Workloads
Networks

Principles                    Tools
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  Code	
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• Simple,	
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  or	
  3-­‐D	
  nearest-­‐neighbor-­‐only	
  opera7on	
  
(physical	
  feasibility	
  high!)
• High	
  threshold	
  for	
  gate,	
  memory,	
  meas.	
  errors
– 	
  ~1%	
  for	
  large	
  systems	
  (arXiv:1110.5133v1	
  [quant-­‐ph])
(n.b.:	
  slightly	
  worse	
  than	
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  said	
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  large	
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  for	
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  EC	
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  to	
  concatenated	
  CSS	
  codes)
–soQware-­‐assigned	
  resources
–easy	
  movement	
  of	
  logical	
  qubits

• Suppor7ng	
  classical	
  processing	
  achievable
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Scalability:	
  fault-­‐tolerance

• Trade-­‐off	
  between	
  resources	
  and	
  threshold	
  
• Thresholds
–unlimited	
  range,	
  unlimited	
  qubits:	
  ~	
  10-­‐2	
  
	
  	
  	
  Knill,	
  quant-­‐ph/0410199
–unlimited	
  range,	
  many	
  qubits:	
  ~	
  10-­‐3–10-­‐4	
  
	
  	
  	
  Steane,	
  Phys.	
  Rev.	
  A	
  68,	
  042322	
  (2003)
–2D	
  la^ce,	
  nearest	
  neighbor:	
  ~	
  10-­‐5	
  
	
  	
  	
  Svore,	
  QIC	
  7,	
  297	
  (2007)
–bilinear	
  nearest	
  neighbor:	
  ~	
  10-­‐6	
  
	
  	
  	
  Stephens,	
  QIC	
  8,	
  330	
  (2008)
– linear	
  nearest	
  neighbor:	
  ~	
  10-­‐5	
  
	
  	
  	
  Stephens,	
  PRA	
  80,	
  022313	
  (2009)
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Space	
  Overhead	
  Example:	
  
“Racetrack”	
  Architecture

12,000	
  perfect	
  qubits
for	
  Shor’s	
  algorithm	
  for	
  2,048	
  bits

6,000,000,000	
  imperfect	
  qubits

rdv	
  et	
  al.,	
  IJQI	
  8,	
  295	
  (2010)	
  arXiv:
0906.2686v2	
  	
  [quant-­‐ph]
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Outline/Results
• QuDOS	
  architecture	
  arXiv:1010.5022	
  [quant-­‐ph]
• La=ce	
  surgery	
  for	
  the	
  planar	
  code
Horsman	
  et	
  al.,	
  arXiv:1111.4022	
  [quant-­‐ph]

• Surface	
  code	
  on	
  a	
  defecHve	
  la=ce
Nagayama	
  et	
  al.,	
  in	
  preparaHon	
  (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),	
  mulHplexing,	
  Recursive	
  
Network	
  Architecture,	
  quantum	
  Dijkstra	
  for	
  request	
  rouHng,	
  etc.

• EducaHon	
  &	
  outreach
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Lattice Surgery

• Use one whole surface 
per logical qubit
instead of 
holes in surface

• Gates done by merging 
and splitting surfaces

• Useful for “small”-scale experiments

• 53 qubits for distance-3 CNOT
11

Horsman et al., arXiv:1111.4022
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Three Forms of Surface 
Code

12
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Transversal ==> Surgery 
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Transversal ==> Surgery 

13
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Merging and Splitting

• Merge operator takes 
two qubits to one

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

15
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      CNOT
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Proposed 
Experiments
• 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:1111.4022 [quant-ph]
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Planar Code

• Use one whole surface instead of holes in 
surface

• Gates done by merging and splitting 
surfaces

• Useful for small-scale experiments

18
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• Purpose

• to develop surface code extension which deals with 
faulty devices

• Approach

• modifying error correction units

• scheduling QEC units

• Evaluation

• threshold and 
scheduling/timing

19

SC on a Defective Lattice

to adapt surface code to realistic situation!

abstract  background  problem idea  difficulty  evaluation  schedule

1 μm
Quantum Dot

GaAs/AlGaAs 
DBR Cavity

N. Cody Jones, Stanford Univ.
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Defective lattice

?

?

? ??

?

??

??
?

?

Perfect lattice Defective lattice

this is Z syndrome only

abstract  background  problem idea  difficulty  evaluation  schedule

faulty device

20Thursday, December 15, 2011



21

Idea

Perfect lattice Defective lattice

this is Z syndrome only

abstract  background  problem idea  difficulty  evaluation  schedule
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Idea

Perfect lattice Defective lattice

19 steps6 steps

abstract  background  problem idea  difficulty  evaluation  schedule
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Idea

Perfect lattice Defective lattice

error

abstract  background  problem idea  difficulty  evaluation  schedule

error

19 steps6 steps

4 qubits

3 qubits
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SCHEDULING
Perfect lattice Defective lattice

Remarkable point:
#step/round of error correction

7steps/round

30steps/round
Locked

abstract  background  problem idea  difficulty  evaluation  schedule
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Effective d

Yield
0.5

Current estimate is that 
yield of 90% halves the 
effective code distance.

Nagayama et al., in preparation

code distance = 4d

Defective lattice
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Plans	
  for	
  2012

• Con7nue	
  pushing	
  surface	
  code	
  toward	
  feasible	
  
experiments
• Resource	
  es7mates	
  for	
  Trooerized	
  phase	
  
es7ma7on	
  (quantum	
  simula7on	
  algorithm)
–	
  Condensed	
  maoer	
  ground/excited	
  state	
  energies
–	
  Examine	
  robustness	
  against	
  error
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8	
  Hours	
  of	
  Lecture	
  on	
  Surface	
  Code
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• hop://aqua.sfc.wide.ad.jp/Publica7ons.html
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Wikipedia	
  QKD	
  ArNcle
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