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Overview Quantum Annealing Experiments on D-Wave 2000Q
. Matching problems on 3D shapes and images often lead to difficult combinatorial, * Stochastic algorithm comparable to simulated annealing, but with advantage for high, n = 3 n — 4
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guadratic assignment problems (QAPs) P ' > O X Baseline X Baseline
 We address the question, how quantum annealers can help solving QAPs. Thermal = 007 O 6 EZ:;:LEG 0124 6 izv;::je
* For this we develop multiple methods to write following optimization over permutations P, ﬂ Jump 'c% 0.5 Random Guessing| | g 10 Random Guessing
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where X € R"*™ and x := vec(X) € R™, in an unconstrained form. o | ENTRYTRNT Q021 _________ A O N 0.04 (=== mmmmmes @ Rttt
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 We perform experiments on a quantum annealer as well as numerical simulations and = Tunneling Siryeim % o1{ 4 X X X g() o | ooz X + @ ® ® Q X
compare the methods with each other. S 5 % E N, ] + X % ¥ o+
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Shape Matchinag Problem Instance Problem Instance
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« Given two sets of points on a body. How can we find the correspondences? /7\ 1101 0 Success Probability = 7 Optimum was returne
Number of runs
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* Major Prosress in recent ?xperimental realization: D-Wave 2000Q has 2048 * Forn = 4 the results are worse than random guessing, despite numerical simulations
superconducting flux qulglts i confirming the validity of the algorithm.
* Freeaccess over cIouc.:I W'Fh D-Wave leap. g  Hypothesis: Regularization term is too big compared to the rest
* Computer Vision applications are researched.” B Experimental errors in the couplings make the energy differences between the
permutations insignificant.
g Conversion from (1) to (2 _ _
o & * The equality constraints ) ; Xij = >_; Xj i = 1 are of the formAx = b, where A is a Real Data (e.g. Near-Isometric Shape Matching
matrix and b is a vector.
« For isometric transformations ¢ : R* = R® Vi!3j : v{ — v the (geodesic) * Forsufficiently large A, A;:
distances d(-, -) do not change: di (v}, v;) = di(¢(v;), d(v})) min <TWx + ¢Tx
« The non-negative term: {xe{0,1}*| Ax=b}
Z X i Xpaldi(v),vp) — dg(”sz-, v?)l, —  min x'Wx 4+ ctx + M|Ax — b||? (Baseline)
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with X € PP, is zero for the correct permutation matrix. —  min xTWx + c¢Tx + Z Al (Ax). —b;|?  (Row — wise)
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» This motivates equation (1). {xe{0,1}""} J
 The optimization problem (1) is NP-hard
 Third method: Inserting the equalities to eliminate variables (Inserted)

Quantum Computing Lower Bounds for the Penalty Parameters

« The idea of quantum computing is to use quantum-mechanical systems to gain a All outputs: Only Permutations:
computational advantage. * The minimizers of the constrained and the unconstrained problem coincide provided that:  Baseline _ Row-wise Inserted . Baseline _ _ Rowwise Inserted
« Most prqminer_lt, general applications_of quantum computing include: AN >AN =D, + ED{L_“’nQ}, )
« Simulation of many-body physics?2 2 8o
« Shor's algorithm for integer factorization3 where 7; denotes the indices that belong to a column or a row enumerated by the rows | | N n o)
« Grover's algorithm for search in an unsorted database* of A and S
* Quantum Annealing can be used to solve: D= %163}((2 (Wi + Wi + [Wik| + |ci])- oe ) )
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arg I1l1n STQS + CITS, (2) * Similar propositions are proven for the other methods Z ‘ m ”l \ ‘ 0 ‘\
sc{—1,1}m * Lower bounds for the regularization parameter are important, since dominant o _‘3-00 e e ol I% — LU el 11
with an m X m matrix Q and an m dimensional vector 4. regularization terms enhance errors Energy of the states obtained from the quantum annealer Energy of the permutations
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