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D-­‐Wave	
  flux	
  qubit,	
  	
  
M.W.	
  Johnson	
  et	
  al.,	
  Nature,	
  2011	
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I’m	
  going	
  to	
  build	
  	
  
a	
  large-­‐scale	
  	
  
quantum	
  computer.	
  

Not	
  sure	
  yet	
  what	
  kind,	
  
or	
  even	
  when...	
  

	
  
Let’s	
  talk.	
  



Many	
  Types	
  of	
  Hardware	
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ion	
  trap,	
  	
  
Monroe	
  Lab,	
  	
  
Michigan	
  

Nanophotonic/opYcal	
  qubits	
  
DeviZ	
  et	
  al.,	
  NJP,	
  2009	
  

NIST	
  ion	
  trap	
  
Yale	
  transmon	
  Nat.	
  Phys	
  2010	
  

flux	
  qubit,	
  D-­‐Wave,	
  Nature,	
  2011	
  

…but	
  device	
  architecture	
  is	
  not	
  
system	
  architecture.	
  

Large	
  systems	
  are	
  much	
  more	
  than	
  
big	
  versions	
  of	
  small	
  systems.	
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What is Quantum Computer 
Architecture? 

Extract	
  commonality	
  
(e.g.,	
  qubit	
  moYon)	
  

Balance	
  generality	
  
and	
  performance	
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Who's Doing Quantum Computer 
Architecture? 

Yamamoto	
  
Itoh	
  

Monroe	
  

Tsai	
  

Steane	
  

Tarucha	
  

Dozens	
  of	
  
groups	
  

Wineland	
  

Shor	
  
BenneZ	
   Grover	
  

Deutsch	
   Benioff	
  
Feynman	
  

Grover	
  Vazirani	
  
Grover	
   Jozsa	
  

Fowler	
  

Clark	
  

Oskin	
   Chong	
  

Semba	
   Munro	
  

Bacon	
  
Raussendorf	
  
Harrington	
  

Chuang	
  

Ladd	
  

Nemoto	
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Definition of a Quantum Computer	


•  A	
  quantum	
  computer	
  is	
  a	
  machine	
  that	
  
performs	
  quantum	
  error	
  correcYon;	
  quantum	
  
computaYon	
  is	
  merely	
  a	
  side	
  effect.	
  

•  -­‐-­‐paraphrased	
  from	
  Andrew	
  Steane?	
  



Outline	


•  Quantum	
  compuYng’s	
  classical	
  problem	
  
•  Classical	
  compuYng’s	
  quantum	
  problem	
  
•  Graduate	
  computer	
  architecture	
  in	
  six	
  slides	
  
•  How	
  to	
  design	
  a	
  quantum	
  computer	
  
•  Moving	
  data	
  
•  KQ	
  and	
  what	
  it	
  means	
  for	
  you	
  
•  Puhng	
  it	
  All	
  Together:	
  Understanding	
  
quantum	
  computer	
  performance	
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Quantum Computing’s 
Classical Problem 

9	




　10	
  

京	
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京	


•  FLOPS	
  (float	
  point	
  ops/second):	
  
•  Gates	
  per	
  64-­‐bit	
  FP	
  mulYply:	
  
•  Gates	
  per	
  second:	
  
•  One	
  month	
  (seconds):	
  
•  Total	
  computaYon	
  (gates/month):	
  
•  Might	
  get	
  1000x	
  beZer	
  in	
  next	
  decade	
  
•  Can	
  QC	
  solve	
  bigger	
  problem	
  than	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  classical	
  gates	
  in	
  a	
  month,	
  for	
  
less	
  than	
  a	
  billion	
  dollars?	
  

8!1015
~1!105 ?
>1!1021

! 

2.5 "106
2.5!1027

2.5!1030



Supercomputing is Big Data 
SupercompuYng	
  today	
  is	
  not	
  about	
  processing	
  
power	
  per	
  se.	
  It	
  is	
  about	
  turning	
  enormous	
  amounts	
  
of	
  raw	
  data	
  into	
  useful	
  informaYon.	
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Insurmountable Opportunity 

“We	
  are	
  confronted	
  with	
  insurmountable	
  
opportuniYes.”	
  	
  Walt	
  Kelly	
  

Quantum	
  compuYng	
  will,	
  indeed,	
  must,	
  open	
  new	
  
fields	
  of	
  applicaYons,	
  mostly	
  heavily	
  mathemaYcal.	
  
QC	
  will	
  probably	
  be	
  of	
  minimal	
  use	
  on	
  exisYng	
  SC	
  
applicaYons.	
  

Hold	
  that	
  thought....	
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Classical Computing’s 
Quantum Problem 

14	




One Like This?	
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Data	
  Recording	
  Technology	
  

abacus/そろばん 
3-4000 years 

ago 

quipu 
(Inca, 500 y.a.) 
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Semi-­‐automaYc	
  ComputaYon	
  
計算尺 

(slide rule) 
1620 

Pascaline 
Blaise Pascal 

addition 
1643 
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Babbage:	
  Genius	
  of	
  the	
  Steam	
  Age:	
  
CalculaYng	
  Polynomials	
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Vacuum	
  Tubes:	
  ENIAC、1948	
  



Transistor:	
  1948-­‐1953	
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Integrated	
  Circuit:	
  1958-­‐	
  	
  

First IC 
1958 

First microprocessor 
1971 

Intel	
  4004	
  uP,	
  2,300	
  transistors	
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Integrated	
  Circuit:	
  1958-­‐	
  	
  

1,000,000 
トランジスタ 

1989 

1,720,000,000 
トランジスタ 

2005 

Intel	
  Montecito,	
  90nm	
  process,	
  ~100W	
  Intel	
  i486	
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Si single single wire fabrication	


Growth	
  

29S
i 

28Si substrate ]211[

Appl.	
  Phys.	
  LeZ.	
  87,	
  031903	

	‏(2005)    

Phys.	
  Rev.	
  LeZ.	
  95,	
  106101	

	‏(2005)    
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Cross	
  SecYon	
  of	
  CMOS	
  

From	
  Wikipedia	
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Cross	
  SecYon	
  of	
  CMOS	
  

From	
  Wikipedia	
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Limits to Moore’s Law 
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2019:	
  	
  11.3	
  nm	
  
20x	
  Si	
  lahce	
  
cell	
  size	


2024:	
  	
  6.3	
  nm	
  
12x	
  Si	
  lahce	
  
cell	
  size	




Limits to Moore’s Law 

Atomic level 
2020s? 

31	
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Classical Computing’s Quantum  
(and Atomic) Problem	


•  2024	
  goal	
  for	
  flash	
  half-­‐pitch:	
  6.3	
  nm	
  
•  Si	
  lahce	
  constant:	
  0.54	
  nm	
  
•  Biggest	
  current	
  problem	
  thermodynamic	
  
(hmm,	
  reversible?)	
  

•  Doping	
  becomes	
  discrete	
  phenomenon	
  
•  Transistor	
  charging	
  becoming	
  quantum	
  
•  Tunnelling	
  
•  When	
  does	
  current	
  become	
  quantum?	
  



Insurmountable Opportunity 

“We	
  are	
  confronted	
  with	
  insurmountable	
  
opportuniYes.”	
  	
  Walt	
  Kelly	
  

Classical	
  needs	
  quantum.	
  
Quantum	
  needs	
  classical.	
  
	
  
We	
  are	
  going	
  to	
  have	
  tremendous	
  tools	
  
to	
  go	
  with	
  our	
  tremendous	
  challenges.	
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Intermission 
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Recommended	
  Books	
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AQUA: Advancing Quantum 
Architecture 

Distributed Quantum 
Computing Architectures: 

Devices              Workloads 
Networks 

Principles                    Tools 



Aqua & Friends 



Aqua	
  &	
  Friends	
  



Aqua	
  &	
  Friends	
  



Aqua	
  &	
  Friends	
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AQUA: Large-Scale Distributed 
Quantum Computing	


•  Surface	
  code	
  architectures	
  &	
  workloads:	
  
–  ArithmeYc:	
  Byung-­‐Soo	
  Choi	
  (U.	
  Seoul),	
  Agung	
  Trisetyarso	
  
–  Compilers	
  &	
  efficient	
  data	
  movement:	
  Byung-­‐Soo,	
  Clare	
  
Horsman,	
  Kaori	
  Ishizaki	
  (B4),	
  Pham	
  Tien	
  Trung	
  (B4)	
  

–  Defects	
  in	
  Surface	
  Codes:	
  Shota	
  Nagayama	
  (M2)	
  
•  Networks:	
  

–  Quantum	
  Dijkstra	
  (path	
  selecYon	
  for	
  repeater	
  networks):	
  
Takahiko	
  Satoh	
  (M2,	
  Todai	
  Imai-­‐ken)	
  

– MulYplexing	
  in	
  repeater	
  networks	
  (&	
  new	
  network	
  
simulator):	
  Luciano	
  Aparicio	
  (M2,	
  Todai	
  Esaki-­‐ken)	
  

–  IPsec	
  with	
  QKD	
  (keying	
  the	
  Internet):	
  Shota	
  
•  Architectures	
  for	
  Q	
  simulators:	
  Clare	
  



Okay, back to architecture 
(classical first, then quantum)  

42	
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Graduate Computer Architecture 
in Six Slides	
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So What Does a Computer Do?	


•  Process	
  data	
  
• Move	
  data	
  
•  Store	
  data	
  
• Manage	
  data	
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Hennessy & Patterson’s Five 
Principles of Computer Design	


•  Take	
  advantage	
  of	
  parallelism	
  
•  Amdahl’s	
  Law	
  
•  Principle	
  of	
  locality	
  
•  Focus	
  on	
  the	
  common	
  case	
  
•  The	
  Processor	
  Performance	
  EquaYon	
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Amdahl’s Law	




Principle of Locality 

A	
  cache	
  memory	
  is	
  smaller	
  and	
  faster	
  
(both	
  in	
  latency	
  and	
  bandwidth)	
  than	
  some	
  
“main”	
  memory;	
  it	
  takes	
  advantage	
  of	
  spa:al	
  	
  
and	
  temporal	
  locality	
  in	
  program	
  behavior.	
  

CPU	
  

Main	
  Memory	
  

Cache	
  

250ps	
  

1ns	
  

Used	
  much	
  less	
  

Used	
  a	
  lot	
  

30-­‐100nsec	
  

47	
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Processor Performance 
Equation	


How	
  much	
  work	
  is	
  
the	
  problem	
  for	
  a	
  
machine	
  line	
  this?	
  

How	
  much	
  work	
  	
  
per	
  second?	
  



Two Paths to Scalability	


Two	
  choices:	
  
Make	
  it	
  bigger,	
  or	
  figure	
  out	
  how	
  to	
  	
  
connect	
  more	
  than	
  one	
  smaller	
  unit	
  
hopefully	
  achieving	
  both	
  speed	
  and	
  
storage	
  capacity	
  increases	
  

Cray	
  1,	
  80MFLOPS,	
  8MB	
  RAM,	
  $9M,	
  1976	
  

Caltech	
  Cosmic	
  Cube,	
  64	
  processors	
  (8086/7)	
  
3MFLOPS,	
  8MB	
  RAM,	
  1982	
  (prototype)	
  

49	




Now Quantum: 
How to design a quantum 

computer 
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From	
  ITRS	
  Emerging	
  Research	
  Devices,	
  2009	
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Approaching Architecture	


•  Understanding	
  workload	
  
• Moving	
  data	
  
•  at	
  applicaYon	
  level	
  
•  for	
  QEC	
  

• Managing	
  resources	
  
•  Preparing	
  for	
  errors	
  
•  Run-­‐Yme	
  changes	
  to	
  state	
  
• Non-­‐funcYonal	
  components	
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Application Workload	


•  Shor’s	
  algorithm	
  
(almost	
  beaten	
  to	
  death)	
  
•  QKD	
  
(definitely	
  beaten	
  to	
  death)	
  
•  Quantum	
  simulaYon	
  
(hmmm...)	
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Circuit for Shor's Algorithm	


Vandersypen	
  et	
  al.,	
  Nature	
  414	

	‏(2001)    

Time 

S
pace (qubits)‏ 

IniYalize	
   Compute	
   Measure	
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Circuit for Shor's Algorithm	


Vandersypen	
  et	
  al.,	
  Nature	
  414	
  (2001)	
  

Time 

S
pace (qubits)‏ 

modular	
  exponenYaYon	
  

2L	
  mulYplicaYons	
  

2L	
  mulYplicaYons	
  

adder	
  

adder	
  

adder	
  

adder	
  

adder	
  

adder	
  

adder	
  

adder	
  

adder	
  

L	
  addiYons	
   L	
  addiYons	
   L	
  addiYons	
  

x	
  L	
  addiYons	
  
x	
  O(L)	
  ops/addiYon	
  

	
  operaYons	
  

! 

O(L3)
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Factoring	
  Large	
  Numbers	
  

rdv,	
  TDL,	
  KMI,	
  quant-­‐ph/0507023	
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Factoring	
  Large	
  Numbers	
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Factoring	
  Larger	
  Numbers	
  

? 
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Factoring	
  Larger	
  Numbers	
  



Moving Data 

60	
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Quantum Addition	

•  Remember,	
  done	
  at	
  logical	
  level	
  
•  Classical-­‐derived	
  algorithms	
  	
  
dependent	
  on	
  Toffoli	
  gates	
  
•  Always	
  
total	
  gates	
  
•  Can	
  be	
  
Yme	
  if	
  
long-­‐distance	
  
gates	
  available	
  ! 

O(L)

! 

O(logL)
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Quantum Addition	

•  Vedral	
  et	
  al.,	
  VBE	
  ripple	
  adder	
  PRA,	
  1996	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  depth	
  using	
  nearest	
  neighbor	
  only	
  
•  Draper	
  et	
  al.,	
  QIC,	
  2006	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  depth	
  
carry-­‐lookahead	
  
w/	
  long-­‐distance	
  gates	
  

•  See	
  rdv	
  &	
  KMI,	
  PRA	
  
! 

O(L)

! 

O(logL)
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Quantum Addition	




Copyright	
  ©	
  2006	
  Keio	
  
University	
  　｜　　64	
  

Quantum Addition	
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Factoring	
  Larger	
  Numbers	
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Factoring	
  Larger	
  Numbers	
  

rdv,	
  TDL,	
  KMI,	
  quant-­‐ph/0507023	
  



Impact	
  of	
  ConnecYvity	
  on	
  QEC	
  
•  Trade-­‐off	
  between	
  interconnect	
  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	
  lahce,	
  nearest	
  neighbor	
  (CSS):	
  ~	
  10-­‐5	
  	
  
	
  	
  	
  Svore,	
  QIC	
  7,	
  297	
  (2007)	
  
–  bilinear	
  nearest	
  neighbor:	
  ~	
  10-­‐6	
  	
  
	
  	
  	
  Stephens,	
  QIC	
  8,	
  330	
  (2008)	
  
–  linear	
  nearest	
  neighbor:	
  ~	
  10-­‐8	
  	
  

Stephens,	
  in	
  preparaYon	
  
–  surface	
  code,	
  2D	
  lahce	
  nearest	
  neighbor:	
  ~	
  1.4%	
  

Wang	
  &	
  Fowler,	
  PRA	
  83,	
  arXiv:1009.3686v1	
  [quant-­‐ph]	
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Heterogeneous	
  Interconnects	


•  Real	
  systems	
  will	
  (almost	
  certainly)	
  have	
  
heterogeneous	
  interconnects	
  

•  Individual	
  device	
  capacity	
  limited	
  
– e.g.,	
  caviYes	
  50	
  microns,	
  chip	
  size	
  maybe	
  1	
  sq.cm.	
  
– must	
  couple	
  off-­‐chip	
  

•  Even	
  within	
  device,	
  homogeneity	
  unlikely	
  
– work	
  around	
  classical	
  control	
  structures	
  

•  MulY-­‐level	
  error	
  management	
  necessary	
  
– PurificaYon,	
  followed	
  by	
  QEC	
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Phy	
  &	
  Log	
  ConnecYvity	


•  Systems	
  have	
  both	
  physical	
  and	
  logical	
  topology	
  
•  In	
  surface	
  code,	
  

–  logical	
  surface	
  is	
  fine-­‐grained	
  
– “Wires”	
  move	
  data	
  quickly	
  through	
  machine,	
  
but	
  sYll	
  consume	
  resources	
  

– Performance/resource	
  impact	
  sYll	
  poorly	
  
understood,	
  but	
  classical	
  techniques	
  valuable	
  

•  Impact	
  of	
  connecYvity	
  felt	
  both	
  at	
  both	
  micro	
  
and	
  macro	
  levels	
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KQ and What It Means  
For You 

70	
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Steane’s KQ Analysis for QEC	

•  Q	
  is	
  number	
  of	
  logical	
  qubits	
  
•  K	
  is	
  applicaYon	
  circuit	
  depth	
  
•  Integral	
  of	
  qubits	
  in	
  use	
  

Q	
  

K	
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KQ for Modular Exponentiation	


•  For	
  n	
  =	
  1024,	
  varies	
  from	
  2.4E11	
  to	
  2E14,	
  
depending	
  on	
  algorithm	
  &	
  system	
  

rdv,	
  Ph.D.	
  thesis,	
  quant-­‐ph/0607065	
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Using KQ	


•  Need	
  Plog	
  <<	
  1/KQ	
  
•  Can	
  engineer	
  back	
  to	
  QEC	
  requirements	
  

– For	
  CSS	
  codes,	
  which	
  codes	
  &	
  how	
  many	
  levels?	
  
– For	
  surface	
  code,	
  separaYon	
  distance	
  &	
  hole	
  
diameter?	
  

•  Steane,	
  PRA	
  68,	
  042322	
  (2003).	
  



Putting it All Together: 
Some Quantum Computer 

Architectures 

74	




NII’s	
  opYcal	
  3-­‐D	
  surface	
  code	
  computer	
  
•  Large	
  fault-­‐tolerant	
  threshold,	
  approximately	
  

1%.	
  

•  Naturally	
  nearest	
  neighbour	
  geometry	
  

•  Currently	
  the	
  standard	
  for	
  ALL	
  modern	
  quantum	
  
compuYng	
  architectures.	
  

•  The Scheme requires a 
large 3D cluster state 
constructed from this 
unit cell element of 13 
qubits.


•  Logic operations are performed via 
topological braiding, illustrated is an error 
protected CNOT gate.
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Basic Floor Plan 

rdv,	
  TDL,	
  AGF,	
  YY,	
  IJQI	
  8,	
  2010,	
  	
  
arXiv:0906.2686	
  

rdv,	
  TDL,	
  AGF,	
  YY,	
  	
  
IJQI	
  8,	
  2010	
  



Copyright	
  ©	
  2006	
  Keio	
  
University	
  　｜　　77	
  

Gate Types	
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Performance Depends on 
Interconnect	


rdv,	
  TDL,	
  AGF,	
  YY,	
  	
  
IJQI	
  8,	
  2010	
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Complete System	

Large-­‐scale	
  system	
  hardware:	
  
▲	
  chip:	
  128	
  columns	
  x	
  770	
  rows	
  
▲	
  64K	
  chips	
  
▲	
  16M	
  laser	
  ports	
  
▲	
  16M	
  measurement	
  devices	
  
▲	
  6E9	
  physical	
  lahce	
  qubits	
  
▲	
  10GHz	
  pulse	
  rate	
  
	
  

System	
  Performance:	
  
▲	
  400	
  days	
  to	
  factor	
  2048-­‐bit	
  

number	
  

FuncYonal	
  requirements:	
  
▲	
  adjusted	
  gate	
  error	
  0.2%	
  
▲	
  local	
  opYcal	
  loss	
  0.02%	
  
▲	
  working	
  qubit	
  yield	
  of	
  40%	
  
▲	
  memory	
  lifeYme	
  50	
  msec	
  

Surface	
  code:	
  
▲	
  lahce	
  refresh	
  Yme	
  50	
  μsec	
  	
  
▲	
  lahce	
  holes	
  14x14	
  
▲	
  Toffoli	
  gate	
  Yme	
  50	
  msec	
  
▲	
  117K	
  logical	
  qubits:	
  
	
  	
  	
  	
  	
  	
  12K	
  applicaYon	
  qubits	
  
	
  	
  	
  	
  	
  	
  	
  76K	
  singular	
  qubit	
  “factories”	
  
	
  	
  	
  	
  	
  	
  	
  29K	
  “wiring”	
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Evolution of Architecture	


N.C.	
  Jones	
  et	
  al.,	
  
arXiv:1010.5022v1	
  [quant-­‐ph]	
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D-­‐Wave	
  flux	
  qubit,	
  	
  
M.W.	
  Johnson	
  et	
  al.,	
  Nature,	
  2011	
  



82	
  Johnson	
  et	
  al.,	
  Nature	
  2011,	
  online	
  supplementary	
  

Pics	
  of	
  chip	
   FuncYonal	
  qubits	
  &	
  couplings	
  

D-­‐Wave	
  Processor	
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  “The	
  Ising	
  Model”,	
  Bian,	
  Aug.	
  2010	
  

Fabbed	
  structure	
   FuncYonal	
  qubits	
  &	
  couplings	
  

D-­‐Wave	
  Processor	
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What is D-Wave Doing Right?	


•  Focusing	
  on	
  control	
  for	
  medium-­‐scale	
  systems	
  
–  1632	
  control	
  signals	
  needed	
  for	
  128	
  flux	
  qubits	
  
–  Too	
  many	
  for	
  external	
  control	
  
–  Programmable	
  on-­‐chip	
  non-­‐volaYle	
  memory(!)	
  holds	
  Yme-­‐

independent	
  bias	
  
–  Share	
  external	
  signal	
  current	
  for	
  Yme-­‐dependent	
  
–  Reduced	
  to	
  83	
  external	
  signals	
  

•  Heterogeneous	
  interconnect	
  
•  Defect-­‐tolerant	
  

–  40%	
  yield	
  in	
  previous	
  slide,	
  now	
  75%?	
  
•  Probably	
  patenYng	
  refrigeraYon,	
  packaging,	
  self-­‐test	
  and	
  

diagnosYcs,	
  dynamic	
  control,	
  noise	
  suppression/magneYc	
  
shielding,	
  programming	
  tools…	
  

•  All	
  of	
  this	
  requires	
  a	
  large,	
  well-­‐funded	
  team	
  

Harris	
  et	
  al.,	
  Phys.	
  Rev.	
  B	
  82,	
  024511	
  (2010)	
  &	
  matching	
  slides	
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Summary	


•  Surface	
  code	
  is	
  appealing	
  
– High	
  threshold	
  
– Nearest-­‐neighbor	
  only	
  
–  Resource	
  requirements	
  sYll	
  high	
  

•  Architecture	
  is	
  criYcal	
  
– Hardware-­‐so�ware	
  co-­‐design	
  
– Heterogeneous	
  interconnects	
  necessary	
  

•  Any	
  statement	
  about	
  “QC	
  will	
  do	
  X	
  in	
  seconds,”	
  
needs	
  to	
  be	
  put	
  in	
  context	
  of	
  a	
  specific	
  algorithm,	
  
architecture,	
  and	
  technology!	
  



AQUA:	
  Advancing	
  Quantum	
  
Architecture	
  

When will a paper be published in 
Science or Nature in which the point is 
the results calculated using a quantum 

computer, rather than the machine 
itself? 

That is, when will a quantum computer do 
science, rather than be science? 
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