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Combinatorial optimizationCombinatorial optimizationCombinatorial optimizationCombinatorial optimization

• Travelling Salesman Problem (TSP)

Minimize the cost function (=tour length)

Configuration  1 Configuration  2
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Minimize the cost function ( tour length)



Problem in physicsProblem in physicsProblem in physicsProblem in physics

Ground state of Ising SG
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Simulated Annealing (SA)Simulated Annealing (SA)Simulated Annealing (SA)Simulated Annealing (SA)

G i  i t l ith• Generic, approximate algorithm

• Phase-space search by thermal fluctuations• Phase-space search by thermal fluctuations
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Quantum Annealing (QA)Quantum Annealing (QA)Quantum Annealing (QA)Quantum Annealing (QA)

G i i t l ith• Generic, approximate algorithm

• Phase-space search by quantum fluctuations• Phase-space search by quantum fluctuations
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ImplementationImplementationImplementationImplementation
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Numerical evidenceNumerical evidenceNumerical evidenceNumerical evidence
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M  M  S h ödi  S h ödi  Master Master eqneqn vs.vs. Schrödinger eqnSchrödinger eqn

Spin glass (SK model) with 8 spins
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M  C l  f  TSP M  C l  f  TSP Monte Carlo for TSP Monte Carlo for TSP (1002 cities)(1002 cities)
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Theoretical backgroundTheoretical backgroundTheoretical backgroundTheoretical background
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C  thC  thConvergence theoremConvergence theorem
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(G G f  SA)(Geman-Geman for SA)
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pp--spin ferromagnetspin ferromagnet
-- Recent results Recent results --
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Adi b ti  l tiAdi b ti  l tiAdiabatic evolutionAdiabatic evolution
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Trivial initial state Non-trivial final state
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C t ti l l itC t ti l l itComputational complexityComputational complexity

Finite-size analysisFinite-size analysis

Adiabatic theorem 2 E
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i  f ti  f tpp--spin ferromagnetspin ferromagnet
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QP F

• 1st order transition at finite s 0 1
s

QP F

• Exponentially small energy gap.

• Exponentially large time for adiabatic computation.
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Jörg et al (2010) “The problem that quantum annealing cannot solve”

Seki and Nishimori (2012) “The problem that quantum annealing CAN solve”



A  dditi l t  tA  dditi l t  tAn additional quantum termAn additional quantum term
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Conventional case: λ=1

Start: s=0, λ=any
G l  １  λ 1
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Goal: s=１, λ=1
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R ltR ltResultResult

p=3 p=5 p=11

1st 1st 2nd
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R lt ( t’d)R lt ( t’d)Result (cont’d)Result (cont’d)
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Grover problem
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Seoane and Nishimori (2012)
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Even k (=2, 4,…) is OK . 
Odd k (=3  5 ) is OK  partiallyOdd k (=3, 5,…) is OK, partially.
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k=2: Bapst and Semerjian (2012)
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E  E  Energy gapEnergy gap

p=3 p=5 p=11

1st 1st 2nd
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E  E  Energy gapEnergy gap

p=11, =0.3p=11, =0.1
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M th dM th dMethodMethod

1. Suzuki-Trotter + Static approximation
2. Classical approximation (+ quantum correction)2. Classical approximation (+ quantum correction)

Botet-Julien (1983), Filiponne et al (2011)
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Minimize with respect to 
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M th d M th d Method Method (Gap)(Gap)

Classical approximation (+ quantum correction)

Holstein-Primakoff transformation + Bogoliubov transformation
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SummarySummarySummarySummary
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SSSummarySummary

1. QA works fine as a generic, approximate algorithm.1. QA works fine as a generic, approximate algorithm.

2. “Better” than SA.  Numerical, analytical

3. Different quantum terms:

Useful to avoid 1st order transitions.

4. Useful for other, more complex, problems?

( d  i ti ti )(under investigation)
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