Adiabatic quantum computing Il

Alternative to the standard “gate model” of
guantum computing

Adiabatic quantum computation (AQC)

* Engineer a Hamiltonian that changes in time so that 7 (¢ = 0)has a known
product state as its ground state, e.g.

* And for t=t;, 7(t;) has a ground state that encodes the solution to the
problem you want to solve. E.g. for adiabatic Deutch-Josza:

* So that performing a measurement (in a particular basis) will give the desired
answer to the problem.

Example: Adiabatic version of Deutch-Josza algorithm
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* Recall gate model Degjtch-Jos;ja: * Adiabatic version: Want to find

Hamiltonian whose ground state is
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a) Starting Hamiltonian:
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b) The interpolation between #/(0)and #(1)can be achieved by: ?N&é ALSo ﬁﬁ‘(d) |
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AQC = gate model up to polynomial overhead!

* One can construct a n-qubit circuit that ef‘ﬁmently simulates the AQC time evolution of

n qubits with the number of gates scaling as tf piy\gat)\i”‘“‘"“\l’ N

* It is also possible to explicitly construct a final Hamiltonian H (1) whose ground state is

, theeseimiben®and two-qubit gates (mrcwt with depth L). It was proven that

[ (|)> Wy U, oo o) JTAkEEs A NIJN,?’(L)

OF | gNE RND Vo To evo[_\/.é AbRISTICALLY vt 'EO(‘ > /

* Which one is better? Depends on the problem. AQC seems really good for optimization
problems such as travelling salesman.

* Gate model and AQC are not the only "models" for QC. There are a total of 5 different
models:

3) Measurement-based QC (done by 1-qubit measurements on a highly entangled initial

state)
braiding anyons on a 2d lattice

poiogical QC (done by o
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Combinatorial problems: Reduction to 3-satisfiability (3-SAT)

* Example combinatorial problem:@@ Tiling a region of 60 squares using
each of 12 pentominoes only once. H JF &Dd]'f
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* This problem can be formulated as a decision problem for choices and
constraints: The choices are the different locations and orientations for each
pentominoe, and the constraints are (1) Each square must be covered exactly
once and (2) each pentominoe appears once.

* Answer : 65 different tilings, e.g. % :

* See more at https://sarethrees.org/2015/11/09/exact-cover /

* Exact cover is one of the so called NP-complete problems. There are hundreds
of them, e.g. travelling salesman for integer distances. All of them map into

each other with polynomial overhead so if you solve one you solve all! Another
example is the'3-satisfiability problem that we now show can be solved
with AQC.

The 3-satisfiability (3-SAT) problem

* 3-SAT: Find the n-bit string z, ,z,....z, that satisfies a set of 3-bit constraint
clauses. Each clause involves 3 bits i, j, k and the constraint is that one of the
3 bits must have value 1 and the other two must be 0:

* An n-bit instance of 3-SAT is a list of triples (i, j, k) indicating which groups of
three bits are involved in clauses. The problem is to determine whether
there is some assignment of the n-bit values that satisfies all of the clauses.

* Given an assignment of values for z, ;z, ...z, , we can easily check whether
the assignment satisfies all of the clauses. But determining whether at least

one of th ssignments of z_,z....z, satisfies all the clauses is in fact an NP
-complete problem. Example:
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AQC algorithm for 3-SAT E. Farhi et al, Science 292, 472 (2001)
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c) Picture shows median t; required to get the

right answer with prob. 1/8 using exact
integration of Schroedinger eqgn for linear s(t): - o O
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Annealing method: A heuristic algorlthm
vuol AND
An algorithm based on the anneallng metal processing phenomenon

Annealing Phenomenon Annealing Method
When brought up to high temperature then graduall ) . . . .
cooled, the struciure of metal becomes stable (low / Find a way to quickly fit all the pieces by first
eneigy). R Meta! State_ - shaking the whole system, then gradually
L0 - ursable " - sable reducing the shaking
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High energy = Unstable atoms Low energy = Stable atoms

When exploring optimal solutions, first search
all solutions including those far from optimal,

FUL\'I)TSU and then gradually close in to an optimal
] solution.

https://www.fujitsu.com/global/services/business-services/digital-annealer/index.html

Quantum annealing (QA) as/heuristic AQC

* In Quantum annealing, one performs a "loose run" of the 3-SAT AQC for
particular choices of s(t) and t;, without worrying whether the system stays in
the ground state or not. One experiments with s(t) and t; with the goal of
optimizing the probability of getting the right answer to the problem. There are
no guarantees that QA works in all cases, it's trial and error (heuristics)!

* Why QA may have "quantum advantage'| over classical annealing algorithms:
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3-SAT is a particular case of QUBO
* Let's expand the 3-SAT 7{(1):
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* This is a binary quadratic form. So 3-SAT is a particular case of

Lo,uadratic Unconstrained Binary Optimization (QUBO)
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D-Wave Leap: Cloud access to QA hardware

o3 )

* D-Wave from Burnaby, BC is the leading developer of QA hardware and
software. Next class we will access their devices using cloud-based D-Wave's
platform, D-Wave Leap.
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