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Architecture: LessonsArchitecture: LessonsArchitecture: Lessons
Devices + Architecture = System which is…

1. Reliable1. Reliable

2. Parallelizable2. Parallelizable

3. Programmable3. Programmable

4. 4. DebuggableDebuggable

5. Predictable5. Predictable



• Need a different approach: Error Correction

Device Scalability
• Why are vacuum tubes (or CMOS) scalable?
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• Quantum gates are intrinsically unstable!



Fault Tolerance Theorem
Reliable computers can be constructed 

from faulty components

• A circuit containing N (error-free) gates can be 
simulated with probability of error at most ε, 
using N log(N/ε) faulty gates, which fail with 
probability p, so long as p<pth. von Neumann++ (1956)

Quantum version:  Shor, Preskill, Aharonov, Ben-Or, Knill, Laflamme, Zurek, …



Fault Tolerance & QC

The requirements for faultThe requirements for fault--tolerance tolerance 
determine how a quantum computer determine how a quantum computer 

may be physically realizedmay be physically realized

• In a FT QC, >99% of resources spent will 
probably go to quantum error correction!

• Max device err pth = (# ways to get > 1 error)-1



Case Study: Linear Optics

•• ppthth < 3< 3×× 1010--33 photon lossphoton loss, 10, 10--44 depolarizationdepolarization

Dawson, Haselgrove, Nielsen, PRL 96, 020501 (2006) ; quantph 0601066

•• Need Need ∼∼10102020 bell pairs per operation!bell pairs per operation!

•• Capability:Capability:
•• Reliable single Reliable single qubitqubit ops ops 
•• CNOT with CNOT with ppfailfail∼∼ 89%89%

•• Recipe:Recipe:
•• Repeat Repeat ancillaancilla states creation until successfulstates creation until successful
•• Rely on good photonRely on good photon--number measurementsnumber measurements

Ralph, Rep. Prog. 
Phys. 69 (2006) GC’01; KLM’02
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Q Factoring: Space vs TimeQ Factoring: Space vs Time
•• Problem: Factor N bit numberProblem: Factor N bit number
•• ShorShor’’ss algorithm needsalgorithm needs

•• Ex:  N=663      Ex:  N=663      101066 qubitsqubits, ~10, ~1066 opsops
150 hours 150 hours (1Hz QC)(1Hz QC) …6 days!

~N           ~2N~N           ~2N22 ~N~N33 qubitsqubits
~N~N33 ~9N(log~9N(log22N)     ~logN)     ~log33N     stepsN     steps

Fowler, Devitt, Hollenberg, QIC 4 p237, 2004



Scheduling Q. ResourcesScheduling Q. Resources
•• Problem: Problem: qubitqubit movement & gatesmovement & gates

•• Results:Results:
•• QUALE (U. Wash.):QUALE (U. Wash.): map q. circuit onto map q. circuit onto 

physical layout, using Pathphysical layout, using Path--FinderFinder (ions)(ions)
•• QPOS (U. Davis):QPOS (U. Davis): schedule schedule physcalphyscal ops; ops; 

classical instr. scheduling heuristicsclassical instr. scheduling heuristics (dots)(dots)
•• QPU QPU toolchaintoolchain (Princeton):(Princeton): stagger stagger 

ops to optimize fault toleranceops to optimize fault tolerance (e(e-- on on LHeLHe))
•• Quantum CAD (Berkeley):Quantum CAD (Berkeley): dataflowdataflow--

analysis; greedy congestion reliefanalysis; greedy congestion relief (ions)(ions)

Chi, Lyon, Martoniso ISCA 2007 ; Whitney, Isailovic, Patel, Kubiatowicz CCOF 2007; 
Metodi et al Proc. SPIE 2006 ; Balensiefer, Kregor-Stickles, Oskin ISCA 2005
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Quantum Circuit Model

•• CNOT + single CNOT + single qubitqubit gatesgates, |0, |0ii, , 



Quantum controlled QC
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Model: teleport gates…
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Catch – only certain programs efficiently implementable



Quantum Software

Quantum: uncopyable & single-use!

• Inherently hold value - marketable commodities
• Significantly simplify hardware requirements

– Can be checked at the factory
– Delivered via a “quantum internet”

D. Gottesman, I. Chuang, Nature, v402, p390, 1999

Universal, Fault Tolerant QC: 
Single qubit operations
Bell basis measurements
A supply of entangled states



Measurement-based QCMeasurement-based QC

•• Recipe: Create state, then measureRecipe: Create state, then measure

R. Raussendorf and H. J. Briegel.  PRL 86(22):5188–5191, 2001

““measurementmeasurement”” based models of QCbased models of QC



Q. Programming LanguagesQ. Programming Languages
••Highly active field!Highly active field!

••QRAM QRAM (Knill(Knill’’96)96): : register machineregister machine

••QCL QCL (Omer(Omer’’9898--’’03)03):: CC--likelike

••Quantum Quantum λλ--calculus calculus (Maymin(Maymin’’96,96,……))

••QML QML ((AltenkrichAltenkrich & Grattage& Grattage’’05)05): : q. q. 
control & data control & data 

••Meas. QC Meas. QC ((DanosDanos et alet al’’04,04,……)):: patternspatterns

••QPAlgQPAlg (Jorrand(Jorrand’’0404--……)):: formal formal 
verificationverification

••QQ--HSK, SQRAM, QHSK, SQRAM, Q--golgol, , qGCLqGCL……

S. Gay, “Quantum Programming Languages,” Math. Struct. In Comp. Science 2006

QUALE (U. Washington)
• 100 papers (1996-2007)
• Open issue: fault tolerance?
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Architecture Concepts
• 1940’s: von Neumann – Programmable Systems

Memory
ALU

von-Neumann

• Stored program ; modular design
• Blocks simplify debugging!

WhirlwindWhirlwind



Architecture Concepts
• Modern Q. computer arch. = seek reliability

QALU

Classical Controller

Knill; Nielsen & Chuang; Steane ;
Chong, Chuang,  Kubiatowicz, Oskin – IEEE Computer 2006

Q.Data Memory
23-qubit Golay code

|0i, |0..0i+|1..1i
Power & Clock Q.Ancilla Factory

7-qubit Steane code

Code 
Convert 

Unit
Q. Wires
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Wires = teleport ; power = entanglement



Real large-scale 
computing systems are 

designed & verified
far in advance of 

implementation, with 
predictive tools

Whirlwind → SPICE → …
Behavioral synthesis → Formal verification → Physical verification



Large Scale, Reliable QC
• System: 106 qubits, >106 logical gates

• FTQC ~107 to 108 qubits & physical gates
(7-qubit Steane code, 1-2 concat. levels)

• Questions:
•How many lasers required?  Laser power?
•How large an ion trap chip?
•What kind & size of classical control?
•What fault tolerance threshold?  

(gate / state / memory / movement)

• Approach: Simulate QECC (efficient!)



Quantum Design Tools
••Vision: Vision: Layered hierarchy with simple interfaces Layered hierarchy with simple interfaces 

QRAM / QCL / Q

QCC

ARQOptimizers

QASM QCPOL

Layout Tools

QIR

Svore et al, IEEE Computer, January 2006



Predictive QC Design Tool

•• Predict performance Predict performance before before building!!building!!
INPUT

-Technology
- Gate performance
- Comm. constraints
- Control capability
- Memory fidelities
- Geometric constraints

- Q. Code
- Entanglement supply

OUTPUT
- pth for gates, wires, 

memory, state supply
- Logical gate speed
- Space, time required

IEEE Computer, 2002 & 2006

FT Eng. 
Design 

Analysis 
simulate basic 

QEC blocks & I/O

a-la cadance, synopsis....



Trapped Ion FTQC

1 quantaSplitting a Linear Chain
0.01 quanta / µmMoving a Linear Chain

Heating <n>
0.005 / µmMovement Failure

0.01Measurement Failure
0.03Two Qubit Gate Failure

0.0001Single Qubit Gate Failure
Failure Probabilities

100 secondsMemory time (not implemented)

0 secondsJoin two linear chains
1 ms Split a linear chain

10 ns / µm Movement
10 ms Cool a linear chain
100 µs Measure
10 µs Two Qubit Gate
1 µs Single Qubit Gate

Timescales

1 quantaSplitting a Linear Chain
0.01 quanta / µmMoving a Linear Chain

Heating <n>
0.005 / µmMovement Failure

0.01Measurement Failure
0.03Two Qubit Gate Failure

0.0001Single Qubit Gate Failure
Failure Probabilities

100 secondsMemory time (not implemented)

0 secondsJoin two linear chains
1 ms Split a linear chain

10 ns / µm Movement
10 ms Cool a linear chain
100 µs Measure
10 µs Two Qubit Gate
1 µs Single Qubit Gate

Timescales•• Wealth of expt. dataWealth of expt. data
•• Teleportation (3 ions)Teleportation (3 ions)
•• SuperdenseSuperdense coding (2 ions)coding (2 ions)
•• QFT; Q. error correction (3 ions)QFT; Q. error correction (3 ions)
•• GHZ and W states (4GHZ and W states (4--8 ions)8 ions)

•• Conceptual designConceptual design

Kielpinski, Monroe, and Wineland, 
"Architecture for a Large-Scale Ion-Trap 
Quantum Computer," Nature 417, 709 (2002)

If perr∼ 10-4      pth ∼ 4× 10-4 meas

Cross (2006)



Trapped ion Factoring?
•• Case Study: Quantum Logic ArrayCase Study: Quantum Logic Array

•• Trapped ions ; fault tolerant ; NIST parametersTrapped ions ; fault tolerant ; NIST parameters

Metodi et al, ISCA 2006



SummarySummary
We are on the verge of being able to build largeWe are on the verge of being able to build large--
scale quantum information processing systems!scale quantum information processing systems!

•• Architecture is key*Architecture is key*

•• Challenges:Challenges:
•• Build predictive tools to Build predictive tools to 

DESIGN & VERIFYDESIGN & VERIFY
•• Feedback to strategically Feedback to strategically 

improve QC technologyimprove QC technology
•• Contribute back to Contribute back to classical classical 

computationcomputation (fault tolerance, (fault tolerance, 
low power)low power)

* Science – not just for mission agencies

SystemsSystems

Architectural Design

Technology

?
Architectural Design

Technology

?


