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Author:  
Adachi, Steve


Affiliation:  
Lockheed Martin

Abstract: Previous work (arXiv:1510.06356 [quant-ph]) 
demonstrated the feasibility of using a quantum annealer as a 
Boltzmann sampling engine in the generative training of a Deep 
Belief Net. This talk describes work currently in progress to extend 
these results and to apply these methods on the IARPA Quantum 
Enhanced Optimization (QEO)  program.

Author:  
Albash, Tameem


Affiliation:  
Information Sciences Institute, 
University of Southern California

Abstract: There is growing interest in developing special-purpose 
devices for solving NP-Hard problems, such as quantum annealers 
that solve for the ground state of Ising Hamiltonians. These devices 
are analog by nature, so the implemented parameters of the Ising 
Hamiltonian are never precisely the intended ones. Using Ising 
problem classes with known ground states, we ask how well a 
quantum annealer (or any other analog device) that is ideal in every 
other aspect can perform the task of finding the ground state. We 
show that such devices are bound to perform poorly with growing 
problem size, and we derive scaling laws for how implementation 
errors must be reduced with problem size in order to maintain the 
performance of the analog device. Finally, we discuss whether 
classical repetition schemes can adequately address these issues. 

Quantum-Assisted Training of Neural Networks

Implementation Errors in Analog Ising Machines
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Author:  
Arai, Shunta 

Affiliation:  
Graduate School of Information 
Science, Tohoku 

Abstract: We detect quantum phase transition of a quantum many-
body system by mapping the observed results of the quantum state 
onto a neural network. In the previous study[1], we detected 
quantum phase transition of one-dimensional transverse-field Ising 
model by neural network. We first constructed a simple feed-
forward neural network which learned the relationship between the 
spin configurations and the strength of the transverse field. We 
prepared for the spin configurations by using Quantum Monte Carlo 
simulation and input several spin configurations into the neural 
network. The neural network succeeded in classifying the strength 
of transverse field only from the spin configurations without any 
prior information of the detailed form of Hamiltonian. This result 
leaded to a consistent estimation of the critical point. In a addition, 
this method does not depend on graph topology. In the present 
study, we employ D-Wave 2000Q as a quantum simulator in order 
to obtain spin configurations. We sample the spin configurations 
from D-Wave 2000Q by using reverse annealing. We confirm that 
the neural network can detect quantum phase transition by using 
experimental results obtained by D-Wave 2000Q on chimera graph. 
In order to quantitatively assess its performance, we compare the 
result on the D-Wave 2000Q with that on the Quantum Monte Carlo 
simulation. [1] S.Arai , M.Ohzeki and K.Tanaka J.Phys.Soc.Jpn. 
(2018) [2] S.Arai, M.Ohzeki and K. Tanaka: to appear soon 

Author:  
Atalaya-Chavez, Juan C 

Affiliation:  
University of California, Riverside


Abstract: We analyze the four-qubit Bacon-Shor code with 
simultaneous continuous measurement of non-commuting gauge 
operators. Error syndromes are defined in terms of time-averaged 
correlators of the measurement output signals. We calculate the 
logical error and termination rates for this quantum error detecting 
code for several models of decoherence. We show that the 
operation with continuous measurements can be comparable in 
performance with the conventional operation based on projective 
measurements. 

Bacon-Shor Code with Continuous Measurement of Gauge Operators

Deep Neural Network Detects Quantum Phase Transition in  
D-Wave 2000Q

6



Author:  
Crosson, Elizabeth  

Affiliation:  
California Institute of Technology

Abstract: Adiabatic quantum computation (AQC) is a method for 
performing universal quantum computation in the ground state of a 
slowly evolving local Hamiltonian, and in an ideal setting AQC is 
known to capture all of the computational power of the quantum 
circuit model. However, despite having an inherent robustness to 
noise as a result of the adiabatic theorem and the spectral gap of 
the Hamiltonian, it remains a longstanding theoretical challenge to 
show that fault-tolerant AQC can in principle be performed below 
some fixed noise threshold. There are many aspects to this 
challenge, including the difficulty of adapting known ideas from 
circuit model fault-tolerance as well as the need to develop an error 
model that is appropriately tailored for open system AQC. In this 
talk I will introduce a scheme for combining Feynman-Kitaev history 
state Hamiltonians with topological quantum error correction, in 
order to show that universal quantum computation can be encoded 
not only in the ground state but also in the finite temperature 
metastable Gibbs state of a local Hamiltonian. Using only local 
interactions with bounded strength and a polynomial overhead in 
the number of qubits, the scheme is designed to serve as a proof of 
principle that universal AQC can be performed at non-zero 
temperature, and also to further our understanding of the 
complexity of highly entangled thermal quantum systems. 

Author:  
Brady, Lucas T  

Affiliation:  
University of California Santa 
Barbara

Abstract: We examine the time-dependence of quantum annealing 
in the near-adiabatic limit influenced by an avoided level crossing. 
The probability of leaving the ground state oscillates in the total 
evolution time with a frequency determined by the integral of the 
spectral gap, as long as the gap is big. We find that if the gap is 
small, the oscillatory behavior splits around the avoided crossing 
into a superposition of frequencies. This work is described in arXiv:
1801.04349. 

Evolution-Time Dependence in Near-Adiabatic Quantum Evolutions

Thermal Stability in Universal Adiabatic Computation
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Author: 

Chancellor, Nicholas 

Affiliation: 

Durham University

Abstract: In the near term, continuous time quantum computing 
schemes (such as quantum annealing) will need all of the 
advantages they can get from using hybrid techniques. These 
include not only hybrid quantum-classical techniques such as those 
which could be implemented using the reverse annealing feature 
which will become available soon on D-Wave devices, but also 
hybrids between different quantum techniques, for instance 
combining the mechanisms between adiabatic quantum computing 
and quantum w lks. 

Continuous Time Hybrid Quantum Computing 



Author:  
Deng, Chunqing 

Affiliation:  
D-Wave Systems Inc.

Abstract: In the current generation of quantum annealing systems, 
the transverse field is represented by the under-barrier tunneling 
amplitude of the flux qubit states. It has a fixed relation with respect 
to the energy of the problem Ising Hamiltonian, as governed by the 
qubit parameters. Introducing independent tuning of the transverse 
field can be useful for mitigating perturbative anticrossings of hard 
problems and advanced quantum simulations of condensed matter 
systems. Here, we demonstrate a scheme for controlling the 
transverse field of the flux qubit by applying a microwave field. The 
prototype device is built in a similar fabrication stack to that used to 
manufacture the current generation of 2000Q D-Wave processors. 
The microwave driving introduces additional over-barrier channels 
through the higher excited states for effective inter-well tunneling. 
We find conditions for destructive interference between under- and 
over-barrier transitions and achieve these conditions in the 
experiment. By observing the coherent oscillations between the 
computational basis states, we demonstrate that the transverse 
field can become both sign- and magnitude- tunable controlled by 
microwave power. This technique opens up new possibilities to 
realize more controllable Hamiltonians in next-generation quantum 
annealing machines. 

Author:  
Fujii, Keisuke 

Affiliation: 

Kyoto University

Abstract: Motivated by current rapid experimental progress on 
quantum computing devices, various models of quantum 
computation have been investigated to show quantum computational 
supremacy. At a commercial side, quantum annealing machine 
realizes the transverse field Ising model and heuristically solves 
combinatorial optimization problems. Computational power of this 
machine is closely related to adiabatic quantum computation (AQC) 
with stochastic Hamiltonians. Little is known about computational 
quantum speedup in AQC with stochastic Hamiltonians. Here we 
characterize computational capability of AQC with stochastic 
Hamiltonians, which we call stoqAQC. We construct a concrete 
stoqAQC model, whose lowest energy gap is lower bounded 
polynomially, and hence the final state can be obtained in polynomial 
time. Then we show that it can simulate universal quantum 
computation if adaptive single-qubit measurements in non-standard 
bases are allowed on the final state. Even if the measurements are 
restricted to non-adaptive measurements to respect the robustness 
of AQC, the proposed model exhibits quantum computational 
supremacy; classical simulation is impossible under complexity 
theoretical conjectures. Moreover, it is found that such a stoqAQC 
model can solve the factoring problem in polynomial time. We also 
propose how to overcome the measurement imperfections via 
quantum error correction within the stoqAQC model. 

Demonstration of Sign- and Magnitude- Tunable Transverse Field in a 
Superconducting Flux Qubit with Microwave Dressing

Quantum Speedup in Stochastic Adiabatic Quantum Computation
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Author: 

Hen, Itay 

Affiliation:  
University of Southern California


Abstract: The search for suitable uses for quantum annealers has 
so far been unavailing. We present results from a numerical study 
suggesting that quantum annealers may be well-suited for replacing 
quantum Monte Carlo algorithms insofar as the calculation of low-
temperature thermal averages for sign-problematic systems is  
concerned. 

Author: 

Katzgraber, Helmut G 

Affiliation: 

Texas A&M University, 1QBit

Abstract: The advent of the first useful quantum computing devices 
has resulted in an arms race with classical algorithms on traditional 
computing hardware. While near-term quantum devices might 
revolutionize, e.g., optimization and quantum chemistry, tackling 
many applications will directly depend on either hybrid or purely 
classical computing techniques. Inspired by these recent exciting 
developments, a variety of new classical optimization techniques 
have emerged. In this talk an overview of quantum inspired 
methods, their application, as well as the current status on the 
classical-vs-quantum arms race is given. In particular, it is 
demonstrated how classical emulation of quantum mechanics can 
result in efficient optimization techniques on CMOS hardware. Work 
done in collaboration with F. Hamze (D-Wave), D. C. Jacob (TAMU), 
S. Mandra (NASA), A. J. Ochoa (USAA), M. Troyer (Microsoft)  

Author: 

Kadowaki, Tadashi 

Affiliation:

Abstract: We investigate thermal effects in quantum dynamics by 
interpolating von Neumann and classical master equations. We 
demonstrate that a two-level system can be rewritten as standard 
differential equations, resulting in quantum dynamics with thermal 
relaxation and equivalent to the optical Bloch equations 
asymptotically. Numerical simulations support this idea. With this 
method, we found nontrivial performance improvements for a spin 
glass model over a certain range of annealing time. 

Quantum Annealers as QMC Simulators

Quantum-Driven Classical Optimization

Interpolating Quantum and Classical Dynamics and QA Application
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Author:  
King, Andrew D  

Affiliation: 

D-Wave Systems 

Abstract: Annealing controls available in the D-Wave 2000Q enable 
a range of quantum simulation experiments in the transverse field 
Ising model. Here we demonstrate a large-scale quantum 
simulation of a fully-frustrated 2D lattice in the vicinity of a 
Kosterlitz-Thouless phase transition. Essential to the critical 
behavior, we observe the emergence of a complex order parameter 
with continuous rotational symmetry, and the onset of quasi-long-
range order as the system approaches a critical temperature.  
notwithstanding any copyright annotation thereon.  

Programmable Simulation of a KT Phase Transition on 1800 Qubits
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Author: 

Koenz, Mario S 

Affiliation: 

ETH Zurich

Abstract:. The first aspect will show results why quantum anneales 
are not well suited for fair sampling tasks (sampling all degenerate 
ground-states with equal probabilities). A analysis in perturbation 
theory, multiple small toy problems, as well as large scale quantum 
annealing simulations support this finding. The second aspect 
shows preliminary results on how high a price current quantum 
annealing hardware implementations have to pay due to the 
embedding (Minor, Chimera or LHZ) compared to a simulation of 
quantum annealing on a classical computer which does not need 
an embedding.

Uncertain Fate of Fair Sampling in Quantum Annealing and Embedding 
Penalties



Author: 

Kumar, Vaibhaw  

Affiliation:  
Booz Allen Hamilton

Abstract: We propose a novel, quantum annealing (QA) based 
approach for computing protein-ligand binding free energy. 
Obtaining accurate estimates of free energies is crucial across 
many fields, including drug design, materials research, and machine 
learning. Free energy computation is considered NP-hard due to the 
hardness of Boltzmann sampling often used in these calculations. 
Accuracy of free energy estimates relies heavily on the quality of 
Boltzmann samples obtained. QA based samplers, which have 
been shown to exploit quantum effects, are expected to outperform 
classical samplers in certain situations. In this work, we introduce a 
methodology to carry out free energy calculations on QA hardware. 
We describe how a well-known technique, Thermodynamic 
Integration, can be used along with a QA based sampler to carry 
out free energy calculations of model systems. To examine the 
feasibility of such calculations, we first study exactly solvable 1D 
and 2D lattice models and compare QA hardware results against 
exact values that can be obtained analytically for these models. 
Next, we describe how our methodology can be extended to carry 
out protein-ligand binding free energy calculations. Such 
computations are extremely relevant in the pharmaceutical sector 
for rapid drug discovery and design. Additionally, we present an 
extension of the lattice-protein encoding scheme to account for the 
ligand that enables us to carry out such calculations on the protein-
ligand system. 

Author: 

Lanting, Trevor M 

Affiliation: 

D-Wave Systems

Abstract: D-Wave Systems is currently developing its next 
generation quantum annealing processor technology. We have 
focused our efforts on improvements in three key areas: First, our 
next generation processor topology dramatically increases both the 
qubit connectivity and the complexity of the underlying graph. 
Second, we are making progress in realizing lower noise qubits in a 
new fabrication stack. Third, we have redesigned the programming 
and readout circuitry to significantly reduce overhead time. I will 
summarize progress to date in these three areas. 

Computing Protein-Ligand Binding Free Energy Using Quantum Annealing

Next Generation Quantum Annealing Hardware
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Author: 

Lechner, Wolfgang 

Affiliation:  
University of Innsbruck

Abstract: I will present an adiabatic quantum computing framework 
to prepare superpositions of bit strings with deterministic 
programmable squared amplitudes using O(N^2) qbuits [1]. The 
configurations are encoded in the degenerate ground states of a 
lattice-gauge representation of an all-to-all connected Ising spin 
model. An analytical effective model allows one to determine the 
constraints to induce controlled diabetic transitions and tune the 
amplitudes. [1] https://arxiv.org/abs/1708.02 33 

Author: 

Lupascu, Adrian 

Affiliation: 

University of Waterloo 

Abstract: The measurement of products of spin operators is 
expected to play an important role in quantum annealing, for 
applications including error correction, verification of entanglement, 
and adaptive annealing. We present a framework for 
implementation of spin-product measurements for superconducting 
annealing hardware. This implementation of measurements has a 
close connection to implementation of multi-spin couplers. We 
present an analysis of ZZ and ZZZ measurements, and we 
comment on higher order spin-product detection. We also discuss 
prospects for application of this method for multi-spin 
measurements in a quantum annealer. The research is based upon 
work (partially) supported by the Office of the Director of National 
Intelligence (ODNI), Intelligence Advanced Research Projects 
Activity (IARPA), via the U.S. Army Research Office contract 
W911NF-17-C-0050. The views and conclusions contained herein 
are those of the authors and should not be interpreted as 
necessarily representing the official policies or endorsements, either 
expressed or implied, of the ODNI, IARPA, or the U.S. Government. 
The U.S. Government is authorized to reproduce and distribute 
reprints for Governmental purposes notwithstanding any copyright 
annotation thereon.  

Programmable Superpositions of Ising Configurations

Multi-Spin Measurements for Superconducting Quantum Annealers
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Author: 

Mandra, Salvatore  

Affiliation: 

QuAIL@NASA Ames - SGT/
KBRwyle

Abstract: In my talk I will present our Unified Framework for 
Optimization (UFO) to benchmark quantum heuristics. UFO is a C++ 
template framework designed bottom-up to be modular and easily 
extensible. The framework includes the well known PT+ICM 
algorithm as well as different optimization techniques including low-
level code optimizations and non-ergodic moves. UFO is a 
collaboration with Texas A&M University and it is part of a larger 
project within the IARPA QEO program aimed to create a user-
friendly and web-accessible environment to test, run and 
benchmark early quantum devices.

NASA's UFO: A Unified Framework for Optimization



Author: 

Marvian, Milad 

Affiliation: 

Massachusetts Institute of 
Technology (MIT)

Presentation Title: On the Computational Complexity of Curing the 
Sign Problem


Abstract: Quantum many-body systems whose Hamiltonians are 
non-stoquastic are known to pose severe limitations on the 
efficiency of Quantum Monte Carlo algorithms designed to simulate 
them, due to the infamous sign problem. We study the 
computational complexity associated with transforming them into 
sign-problem-free ones. We prove that if such transformations are 
limited to local rotations, finding the curing transformation is NP-
complete. We discuss the implications of this result. 

Author: 

McMahon, Peter 

Affiliation: 

Stanford University

Abstract: Physical annealing systems provide a novel approach to 
heuristically solve NP-hard Ising optimization problems. It is 
believed that the connectivity between spins in such annealers 
significantly impacts the machine's computational effectiveness. In 
this paper we study the performance of two types of annealing 
machines that have very different connectivity -- a commercially 
available quantum annealer built by D-Wave Systems, which has 
sparse connectivity, and coherent Ising machines based on optical 
parametric oscillator networks, which have all-to-all connectivity. 
We demonstrate a super-exponential penalty in performance for the 
D-Wave quantum annealer relative to the coherent Ising machines 
when solving Ising problems on dense graphs, which is attributable 
to the differences in internal connectivity between the machines. 
This leads to a several-orders-of-magnitude performance difference 
between coherent Ising machines and the D-Wave system for 
problems with over 50 vertices. Our results provide strong 
experimental support to efforts to increase the connectivity of 
physical  annealers. 

On the Computational Complexity of Curing the Sign Problem

Experimental Evidence of Large Scaling Advantages from All-to-All 
Connectivity in Physical Annealing Systems
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Author: 

Melanson, Denis 

Affiliation: 

Department of Physics and 
Astronomy, 
University of Waterloo 

Abstract: The paradigm considered for quantum annealing is the 
transverse field Ising Hamiltonian, where the problem Hamiltonian 
consists of single (Z) and two- (ZZ) qubit terms, implemented using 
suitable quantum annealing hardware. Designing a quantum 
annealer with higher order terms, such as ZZZ, can enable more 
efficient embedding of hard problems and error suppression 
schemes. We designed a coupler for high-coherence 
superconducting capacitively shunted flux qubits that mediates a 
strong tunable ZZZ coupling while suppressing the lower order 
interactions (i.e. ZZ). We determine the interactions mediated by the 
coupler using an analysis based on the Born-Oppenheimer 
approximation. We also use exact numerical simulations and 
compare the results with predictions of the B-O approximation. We 
optimize the design of this coupler for its implementation in a 
quantum annealer. The research is based upon work partially 
supported by the Office of the Director of National Intelligence 
(ODNI), Intelligence Advanced Research Projects Activity (IARPA), 
via the U.S. Army Research Office contract W911NF-17-C-0050. 
The views and conclusions contained herein are those of the 
authors and should not be interpreted as necessarily representing 
the official policies or endorsements, either expressed or implied, of 
the ODNI, IARPA, or the U.S. Government. The U.S. Government is 
authorized to reproduce and distribute reprints for Governmental 
purposes notwithstanding any copyright annotation thereon.    

Tunable ZZZ Coupler for Quantum Annealing with Superconducting Flux 
Qubits
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Author: 

Miyazawa, Toshiyuki 

Affiliation: 

Fujitsu Laboratories Ltd.

Abstract: The Fujitsu Digital Annealer (DA) [1] is designed to solve 
fully-connected quadratic Boolean combinatorial optimization 
problems of up to 1024 variables. Currently, the special-purpose 
hardware architecture allows for up to 16 bits precision for the 
coupling coefficients and 26 bits precision for biases. The 
optimization engine of the DA uses a Markov-Chain Monte Carlo 
stochastic search algorithm paired with an efficient parallel trial 
scheme. We compare the performance of the DA to paradigmatic 
quantum inspired optimization techniques, such as parallel 
tempering Monte Carlo with isoenergetic cluster updates [2] and 
simulated annealing [3] using spinglass problems. Furthermore, we 
give a preview of the performance of the current DA architecture 
which runs on an improved algorithm. [1] Fujitsu Ltd. (2018), Digital 
annealer, Retrieved from http://www.fujitsu.com/global/
digitalannealer/ [2] Z. Zhu, et al., Physical Review Letters, 115, 
077201 (2015). [3] S. V. Isakov, et al., Computer Physics 
Communications, vol. 192, pp. 265 (2015). 

Author: 

Miyazaki, Ryoji 

Affiliation: 

Graduate School of Information 
Science,  
Tohoku University

Abstract: There has been great interest in developing machines for 
solving combinatorial optimization problems that have lots of 
practical applications. The coherent Ising machine (CIM), based on 
network of degenerate optical parametric oscillators (DOPOs), is a 
promising machine for such a purpose. Bifurcation of phases of the 
DOPOs interacting with each other is expected to generate the 
configuration of binary variables for the ground state of the Ising 
Hamiltonian onto which our target optimization problem is mapped. 
Experimental and numerical studies on the CIM have demonstrated 
its efficiency for the Ising problems[1]. We however have little 
theoretical understanding of what problem the CIM could correctly 
solve. To clarify this issue, we analyze the dynamics of DOPOs in 
network as a model of the CIM and show the relation between 
resulting states and the correct solutions of optimization problems 
embedded in the network. We derive in particular the steady-state 
distributions of the DOPOs, which exhibit the possibility that the 
CIM could solve the problem in the long time limit. [1] T. Inagaki, et 
al., Science 354, 603 (2016); P. L. McMahon, et al., Science 354, 
614 (2016).   

Verifying Potential of the Coherent Ising Machines

Stochastic Search using Digital Annealer Technology
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Abstract: A promising approach to future quantum annealers is to 
explore annealing with high coherence. Capacitively-shunted flux 
qubits can be one important enabler in this regard. However, the 
much lower junction critical currents (compared to those in 
commercial quantum annealing devices to date) pose a number of 
constraints on the design of the qubits, couplers, and readout 
circuits. We describe our approach to explore this new part of the 
design space while striving for modularity and application 
specificity in the IARPA Quantum Enhanced Optimization program, 
leveraging the high-coherence qubit fabrication process provided 
by partner MIT Lincoln Laboratory. We discuss the initial 
experiments addressing coherence, strong non-stoquastic driver 
Hamiltonians, and computational basis readout, with implications 
for designing architectural building blocks. This material is based 
upon work supported by the Intelligence Advanced Research 
Projects Activity (IARPA) and the Army Research Office (ARO) under 
Contract No. W911NF-17-C-0050. Any opinions, findings and 
conclusions or recommendations expressed in this material are 
those of the author(s) and do not necessarily reflect the views of the 
Intelligence Advanced Research Projects Activity (IARPA) and the 
Army Research Office (ARO). 

Author: 

Mozgunov, Evgeny 

Affiliation: 

University of Southern California 

Abstract: We present a spatially local Master equation for open 
system dynamics of a two-dimensional lattice of qubits in contact 
with a fast bath. The complete positivity of the evolution can be 
achieved via a previously known procedure of coarse-graining - 
time-averaging over a finite time. We show that the equation has a 
wider range of validity than the Lindblad equation with Davies 
generators. In particular, we do not require coupling to be 
exponentially weak in the system size. If the state remains a low 
bond dimension Matrix Product State throughout the evolution, the 
local equation can be simulated in time polynomial in system size. 
We also show how a widely used form \Delta^2/W of the tunneling 
rate through a potential barrier can be derived from this equation. 
Here \Delta is the splitting between states on the opposite sides of 
the barrier and W is the noise bandwidth. 

Master Equation for Adiabatic Quantum Computing

Design of Key Building Blocks for High-Coherence Superconducting 
Quantum Annealing
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Abstract: Clustering is the simplest analysis for understanding 
structure of data. The cost function of the clustering can be 
represented in a form of the low-rank matrix decomposition. By 
using a sophisticated tool in statistical mechanics, the replica 
method, we assess theoretical limitation on the performance on the 
clustering. Then we formulate the form of the cost function such 
that it can be implemented in the D-Wave 2000Q. In this sense, our 
assessment is a realistic performance of the D-Wave machine to 
obtain a reasonable result in its real applications. As well as 
theoretical assessment, we test the actual performance of the 
clustering by the D-Wave 2000Q and compare it with the theoretical 
limitation. Furthermore, the effect of the antiferromagnetic XX 
interaction, which is known as the non-stochastic Hamiltonian, is 
theoretically analyzed by use of the replica method and is 
experimentally evaluated by use of the D-Wave 2000Q with 
recourse to the adaptive method introduced by one of the authors 
in the previous AQC2016 and the literature [1]. [1] M. Ohzeki: Sci. 
Rep. 41186 (2017).  

Author: 

Oberoi, Jaspreet S 

Affiliation: 

1QBit, Vancouver, Canada

Abstract: There is a growing need to efficiently visualize big data. 
We have developed a clustering algorithm that reduces the size of 
point cloud data, revealing non-trivial patterns while preserving the 
inherent data distribution. Our problem decomposition scheme 
allows the user to process datasets that are much larger than the 
size the current quantum annealer (D-Wave 2000Q) can 
accommodate. Our algorithm is designed to exploit the benefits of 
quantum annealing alongside distributed computing 

Author: 

Novotny, Mark A 

Affiliation: 

Mississippi State University

Abstract: We address the issue of improving quantum annealer 
designs from the point of view of the critical behavior of spin 
glasses. We argue the most difficult Ising spin glass ground state 
problems are related to lattices which have a finite temperature spin 
glass transition and that correspond to a spin glass above its upper 
critical dimension of six. We show adding small world bonds gives a 
graph which meets these two criteria, even starting from a Chimera 
lattice which has no finite temperature spin glass transition. We 
further explore constraining the additional qubit interconnects in 
order to make the adiabatic quantum computer chip easier to 
fabricate. Even with constraints to a small number of additional 
fabrication layers and to a fixed angle for the added connections, 
we show via large scale Monte Carlo simulations the systems still 
exhibit a spin glass transition at a finite temperature.  

A Small-World Search for Quantum Speedup

Big Data Visualization Using Quantum Annealing Based Clustering

Quantum Clustering by D-Wave machine - Assessment, Application, 
Implementation
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University of Camerino

Abstract: We investigate if and to what extent projective quantum 
Monte Carlo (QMC) algorithms can efficiently simulate quantum 
annealing, focussing on the simulation of the tunneling dynamics in 
effectively double-well models. We find that the tunneling time in 
projective QMC simulations increases with the inverse of the gap 
more favorably than what is expected for a quantum annealing 
device, both in a simple ferromagnetic quantum Ising chain and 
also in the so-called Shamrock model, which has recently been 
introduced as an example where finite-temperature path-integral 
Monte Carlo simulations display a pathological slowdown 
compared to quantum annealing devices due to frustrated 
couplings. However, an analysis of the computational cost of simple 
(i.e., performed without guiding functions) projective QMC 
simulations reveals and exponential scaling with system size - 
despite of the absence of a negative-sign problem - making large 
scale simulations of ground-state properties unfeasible. We analyze 
how importance sampling techniques based on unrestricted neural 
network states allow one to improve the scaling of the 
computational cost. 

Author: 

Ozguler, Ahmet Baris 

Affiliation: 

University of Wisconsin-Madison

Abstract: A general time-dependent quantum system can be driven 
fast from its initial ground state to its final ground state without 
generating transitions by adding a steering term to the Hamiltonian. 
We show how this technique can be modified to improve on the 
standard quantum adiabatic algorithm by making a single-particle 
and cluster approximation to the steering term. The method is 
applied to a one-dimensional Ising model in a random field. For the 
limit of strong disorder, the correction terms significantly enhance 
the probability for the whole system to remain in the ground state 
for the proposed non-stochastic annealing protocol. We 
demonstrate that even when transitions occur for stronger 
interaction between qubits, the most probable quantum state is one 
of the lower energy states of the final Hamiltonian. Since the 
method can be applied to any model, and more sophisticated 
approximations to the steering term are possible, the new technique 
opens up an avenue for the improvement of the quantum adiabatic 
algorithm. 

Steering Random Spin Systems to Speed up the Quantum Adiabatic 
Algorithm

Quantum Tunneling in Projective Quantum Monte Carlo Simulations and 
the Role of Neural Network States as Guiding Functions
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Abstract: We analytically investigate the scaling with problem size 
N of the performance of the quantum annealing (QA) algorithm used 
by the D Wave quantum adiabatic computer. To do this, we exactly 
solve the annealing of a class of one-dimensional frustrated Ising 
models which contain spin glass bottlenecks, which are expected 
to dominate the runtime of QA in the large-N, low-temperature limit. 
Novel asymptotic analysis of transition rates caused by non-
fermionizable noise uncovers a deep connection with the 
spontaneous magnetization of the two-dimensional classical Ising 
model, providing tight analytical control of these tunneling rates for 
the first time. These new tools, combined with the integrability of 
the underlying spin chain, allow us to analytically probe the effects 
of flux qubit noise on an annealing bottleneck at an unprecedented 
level of detail. We corroborate our findings with detailed simulations 
of the performance of our spin systems on the D Wave 2X quantum 
annealer at Los Alamos National Laboratory (LANL). 

Author: 

Quintana, Chris 

Affiliation: 

Google 

Abstract: We report on Google Quantum A.I. Lab's progress in 
building a small-scale quantum annealer. Our architecture consists 
of coplanar waveguide-based superconducting flux qubits 
integrated with airbridge crossovers and superconducting flip chip 
technology. We characterize the performance of individual qubits 
and couplers within a small-sized graph of ~9 qubits. We 
investigate system performance and its dependence on graph 
topology and annealing trajectories. In particular, we report on a 
small-scale demonstration of how reduced dissipation and faster 
annealing schedules can improve annealing performance when 
error is dominated by thermalization to the environment.   

Scaling of Incoherent Tunneling at Frustrated Bottlenecks of Quantum 
Annealing

Progress Report on Quantum Annealing Processor Development at Google
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Abstract: The native optimization problem solved by quantum 
annealing is far from applicable to real-world operation research 
models. In this talk we introduce a collection of optimization 
theoretic techniques that can be used in a hybrid quantum-classical 
framework to extend capabilities of quantum annealers. We first 
show that quantum annealing can be used to solve the Lagrangian 
dual of a constrained quadratic binary programming problem using 
either of subgradient descent or cutting plane methods. We then 
introduce a branch and bound framework for solving constrained 
binary quadratic programming problems using Lagrange duality. We 
then introduce bounded integer encoding as an appealing 
technique for allowing integer variables on realistic quantum 
annealers. We finally demonstrate experimental results in 
application of this framework for solving discrete optimization 
problems.  

Author: 

Subasi, Yigit 

Affiliation: 

Los Alamos National Laboratory

Abstract: We present quantum algorithms inspired by adiabatic 
quantum computing to prepare a quantum state |x> that is 
proportional to the solution of the linear system of equations Ax=b. 
Our quantum algorithms are not obtained using equivalences 
between the circuit model and adiabatic quantum computing. We 
rather construct a family of simple Hamiltonians that are linear 
combinations of products of A, the projector in the initial state |b>, 
and single qubit Pauli operators. The parametrized eigenstate of 
such Hamiltonians continuously interpolates between |b> and |x>, 
so methods based on eigenpath traversal can be used to prepare |
x>. The overall time complexity of our approach is polynomial in the 
condition number and polynomial in 1/(target precision). Just like 
other quantum algorithms for this problem, our method may result 
in an exponential quantum speedup for particular efficient 
specifications of A and b, and when the condition number is 
polylogarithmic in the dimension. 

Author: 

Susa, Yuki 

Affiliation:  
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Abstract: We show, for quantum annealing, that individual control 
of the transverse field erases first-order quantum phase transitions 
in the p-body interacting mean-field-type model with and without 
longitudinal random field. Since a first-order phase transition poses 
a serious difficulty for quantum annealing, the removal of first-order 
transitions means significant acceleration of the annealing process. 

Discrete Optimization Using Quantum Annealers

Quantum Algorithms for Linear Systems of Equations Inspired by 
Adiabatic Quantum Computing

Acceleration of Quantum Annealing by Individual Control of the 
Transverse Field
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Abstract: We look at several problems of industrial value that could 
be represented with less than 100 binary variables coupled in fully-
connected QUBO form. We employ state-of-the-art programming 
techniques to evaluate the performance of the machine on these 
problems and the possible outlook of overcoming the current 
limitations on the use of the D-Wave architecture for optimization 
problems requiring heavy embedding. 
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Abstract: The purpose of our study is to confirm the performance 
of a quantum annealing machine, D-Wave, as a solver in Mutual 
Information based feature selection (MIFS) which is known to be an 
NP-Hard problem. To achieve the purpose, we reformulated the 
MIFS by the QUBO formulation. By using our QUBO representation, 
we experimentally demonstrated that the optimization method by 
D-Wave outperformed state-of-the-art optimization methods for 
MIFS such as Truncated Power method (TPower). Feature selection 
is an important problem in machine learning. MIFS defined as to 
find the best feature subset which maximizes MI between features 
and the class, is one of the most well-investigated feature selection 
methods. Since the exact calculation of the MI for a subset of 
features is intractable, we approximated the MI by a quadratic form 
of Conditional Mutual Information (CMI) under the assumptions of 
conditional independence. We added a quadratic penalty function 
which selects only k-features to the quadratic term of CMI. In this 
way, we successfully derived the QUBO formulation of MIFS. The 
feature size of real-world problems is often too large to embed on 
the hardware. To address this problem, we developed a heuristic 
which uses Linear Relaxation method (LR) with a tight lower bound 
to narrow down the candidate features as the preprocessing. We 
experimentally showed that D-Wave outperformed others in terms 
of optimization and the feature selection ability measured by 
classification error. 

Global Mutual Information Based Feature Selection by Quantum Annealing

Investigations of the D-Wave 2000Q Machine as Optimizer for Problems 
Represented by Fully Connected Graphs
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Abstract: Variational autoencoders (VAEs) are powerful generative 
models with the salient ability to perform inference. Here, we 
introduce a quantum variational autoencoder (QVAE): a VAE whose 
latent generative process is implemented as a quantum Boltzmann 
machine (QBM). We show that our model can be trained end-to-end 
by maximizing a well-defined loss-function: a "quantum" lower-
bound to a variational approximation of the log-likelihood. We use 
quantum Monte Carlo (QMC) simulations to train and evaluate the 
performance of QVAEs. To achieve the best performance, we first 
create a VAE platform with discrete latent space generated by a 
restricted Boltzmann machine (RBM). Our model achieves state-of-
the-art performance on the MNIST dataset when compared against 
similar approaches that only involve discrete variables in the 
generative process. We consider QVAEs with a smaller number of 
latent units to be able to perform QMC simulations, which are 
computationally expensive. We show that QVAEs can be trained in 
regimes where quantum effects are relevant despite training via the 
quantum bound. Our findings open the way to the use of quantum 
computers to train QVAEs to achieve competitive performance for 
generative models. Placing a QBM in the latent space of a VAE 
leverages the full potential of current and next-generation quantum 
computers as sampling devices. 

Author: 

Verdon, Guillaume  

Affiliation: 

Institute for Quantum Computing

Abstract: We present a classical-quantum hybrid algorithm to train 
Quantum Boltzmann Machines on near-term circuit model quantum 
computers. Training is achieved via approximate Gibbs sampling, 
which employs the Quantum Approximate Optimization Algorithm 
with concurrent variational maximization of the Von Neumann 
entropy input into the system. Via simulation, we demonstrate 
successful training of a Restricted Boltzmann Machine with our 
algorithm for noise levels achievable in today's quantum chips. 
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Abstract: Interaction with the environment is usually leading to 
decoherence and energy equilibration as primary effects - the latter 
leading to excitation of a quantum annealer in the case of finite 
temperature and a small gap between instantaneous manybody 
eigenstates. We discuss phenomena going beyond this simple 
paradigm, including renormalization of the problem and driver 
Hamiltonians due to reorganization of the environment, and cooling 
phenomena attainable with structured environments. Methodology 
to describe these phenomena includes master equations but goes 
beyond: it specifically requires choice of dressed bases both ad-
hoc and based on renormalization techniques.  

Environmental Effects in Quantum Annealing

Quantum Approximate Boltzmann Machines

Quantum Variational Autoencoder
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Abstract: Abduction is a form of inference to the best hypothesis to 
explain observations using background knowledge. Abduction is 
widely used for natural language processing tasks such as 
discourse understanding and dialogue planning. In the previous 
framework of abductive reasoning [1], a combinatorial optimization 
problem of finding the best hypothesis in the possible search space 
based on their costs is converted into an Integer Linear 
Programming(ILP) problem. This framework, however, suffers from 
the computational cost which grows exponentially with the size of 
background knowledge. In this study, we convert the cost function 
in the ILP-based abduction problem into the Hamiltonian of the 
Ising model with three-body interactions by expressing the ILP 
variables as functions of binary variables. We then solve the 
problem by performing Simulated Quantum Annealing(SQA) to this 
Hamiltonian by the path-integral Monte Carlo method. It is 
expected that transferring our Hamiltonian formulation to dedicated 
machines such as Ising machines helps to speed up the whole 
abduction system in practical situations. [1] Naoya Inoue and 
Kentaro Inui. ILP-based Reasoning for Weighted Abduction. In 
Proceedings of AAAI Workshop on Plan, Activity and Intent 
Recognition(PAIR), pp. 25-32, August 2011.  

Simulated Quantum Annealing for Combinatorial Optimization in Abduction

Poster Abstracts

Abstract: In this talk we will describe how tuning the annealing 
schedule on the D-Wave 2000Q (DW2Q) quantum annealer can be 
used to achieve speedups of up to 1000000x versus baseline 
DW2Q performance. Speedups of up to 1000x are obtainable for 
problems in several relatively broad classes, but we have found a 
specific problem class for which speedups of 1000000x are 
observed. We will present a scalable strategy for choosing the 
“anneal offsets” for any particular problem instance, and will show, 
when we apply this strategy, that we can observe large 
improvements in time-to-solution. We will present results from a 
comprehensive experimental study exploring what problem classes 
can benefit from our strategy, and what features of the problem 
classes play a role in greater or lesser speedup being achieved, as 
well as how the observed behavior changes with problem size. We 
will also show how our strategy can be used to obtain large 
speedups for some Ising problems that have been well-studied by 
the quantum-annealing community, and partially based on this will 
give our current theoretical understanding of why our strategy 
works when it does.
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Orders-of-Magnitude Performance Improvements in Quantum Annealing 
using Offsets in Anneal Schedules
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Abstract: Central to creating practical adiabatic quantum 
computations (for integer optimization problems, for example) 
include (1) efficient mappings of QUBO graphs into sparse 
hardware graphs ('embedding') and (2) reducing the degree of 
higher order objective functions. We exploit here a unexpected 
connection that surjective graph homomorphisms can be 
equational. This immediately allows the use of algebraic geometry 
-- Groebner bases and Buchberger's algorithm -- to yield practical 
algorithms. It is not surprising to see algebraic geometry emerge in 
the context of adiabatic quantum computations since minimizing 
polynomial functions can be translated straightforwardly into finding 
zeros of systems of algebraic equations. The equational framing 
that we discovered means that properties of surjective graph 
homomorphisms --mappings of QUBOs graphs into hardware 
graphs -- can be expressed in terms of systems of algebraic 
equations. We show that the problem of finding such 
homomorphisms has a complete solution in our framework. In 
particular, we classify all such homomorphisms using Groebner 
bases. Additionally, we explain how the automorphism group of the 
(usually sparse and highly symmetric) hardware graph X is used to 
reduce the complexity of Groebner bases computations [in terms of 
the invariants of a group action of Aut (X)]. Time permitting, we plan 
to demonstrate the efficacy of our "algebraic geometry" based API 
on illustrative examples. 

Algebraic Geometry for Graph Homomorphism with a view toward 
Adiabatic Quantum Computations
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Abstract: We develop a new scheme to sample from D-Wave 
2000Q with a class of non-stochastic Hamiltonian[1]. In general, we 
can not simulate non-stochastic Hamiltonian because of the 
negative sign problem. However, we can simulate a class of non-
stochastic Hamiltonian by utilizing adaptive Quantum Monte Carlo 
method [2]. We consider one-dimensional transverse field Ising 
model with ferromagnetic or anti-ferromagnetic XX interaction 
which is all to all connection. By adaptively changing the strength of 
the transverse field which is related to the transverse magnetization, 
we can simulate a class of non-stochastic Hamiltonian. This 
method needs the precise estimation of the transverse 
magnetization by Monte Carlo simulation. In this research, we apply 
this algorithm to D-Wave 2000Q to accelerate adaptive Quantum 
Monte Carlo simulation. We compare this experimental result with 
analytical solution. This result gives us a testbed of a next-
generation quantum annealer implementing the XX interaction. [1] 
S.Arai ,S.Okada and M.Ohzeki to appear soon [2] M. Ohzeki: Sci. 
Rep. (2017) 41186. 

Acceleration of Adaptive Quantum Monte Carlo Sampling for a class of  
Non-Stochastic Hamiltonian by using D-Wave 2000Q
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Abstract: We investigated some approximations that are typically 
made in the literature to derive the effective Hamiltonians of 
Compound Josephson Junction qubits. These qubits are the state 
of the art hardware for the construction of scalable quantum 
annealers, therefore we will look at the effects of these 
approximations on the annealing dynamics. The results of this 
analysis shows the existence of some approximations issues and 
we discuss the consequences of these on the annealing dynamics 
and on the performances of quantum annealers. Our methodology 
was mainly based on numerical simulations of the annealing 
Hamiltonian made on the model of a D-Wave quantum annealer. 

Effects of Approximations on Annealing Performances
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Abstract: We look at other ways in which solution quality can be 
measured, in addition to energy (penalty function) values notably, 
how easily a solution can be modified to account for constraints 
which have not been implemented on the annealer what we refer to 
as the 'robustness' of the solution. We give an example with a small 
gadget problem to motivate why quantum annealing may be good 
to find robust solutions, and also experimentally study solution 
robustness for more realistic, large scale problems. 

Robustness of Solutions Found by Quantum Annealing
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Abstract: Present-day quantum annealers natively allow 
interactions with locality up to two, thus requiring the reduction of 
k-local Hamiltonian terms (kâ‰¥3) to two-local terms. This is done 
at the cost of sacrificing some of the qubits in the quantum 
processor to be used as ancillae. The hardware implementation of 
k-local interactions would then allow the direct representation of a 
greater class of optimization problems and is crucial for the 
application of error-correcting codes [1] and Parity AQC with all-to-
all connectivity [2]. Following a proposal made by Chancellor et al. 
[3], we investigate the physical implementation of a k-local Z^k 
coupler based on a gadget of k ancilla qubits and two couplers. 
Numerical simulations of a system composed of three logical flux 
qubits and the 3-local coupling gadget based on quantum circuit 
analysis show that this actually reproduces the expected spectrum 
of the corresponding 3-spin, 3-local Hamiltonian. The trade-off 
between high interaction strength (of order 1GHz) and long 
coherence times has also been examined by modelling the effect of 
charge and flux noise. 

Numerical Investigation of a Circuit Design for Three-Body Interactions in 
Quantum Annealing
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Abstract: Image de-noising is performed by detectives for 
recovering partial finger-prints, by museums for reconstructing 
antique paintings, and by doctors for medical imaging, but in these 
cases the number of pixels (and hence the number of binary 
variables in the QUBO problem) is small. For terabyte-sized 
telescope images of galaxies, inter-stellar media, and possible life-
containing exo-planets, runtimes are colossal and we welcome any 
speed-up even if only by a constant factor of 10 or even 2.The 
algorithm works by minimizing two functions of binary variables. 
The first function was calibrated by using plenty of good and bad 
images such that the minimization of this function removes as much 
noise as possible. Minimization of the second function helps to 
ensure that the new de-noised image maintains good fidelity to the 
original image. Since the state-of-the-art procedure is to 
approximately solve a QUBO problem, it's a "perfect application" 
for D-Wave annealers.Through the Harvard/Adobe image-
processing collaboration at Harvard's Smithsonian Center for 
Astrophysics (CfA), we have run de-noising calculations on the D-
Wave 2000Q. We have used the D-Wave 2000Q on solar system 
images taken in February 2018 from the telescope at the CfA. In 
this talk, I will explain in detail how these optimization problems are 
formulated and demonstrate results as well as runtime comparisons 
against the "state-of-the-art" classical computer solvers which are 
currently used everywhere. 

Computer Vision Calculations on the D-Wave 2000Q

Author: 
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Abstract: Image stacking is the process of taking a large set of 
images and breaking it down into a few subsets to find the optimal 
subset for the purpose. For night time photography, that may be 
identifying the optimal noise filter, for geophysical imaging, it could 
be identifying erroneous features, and for microscopy, it could be 
focus selection. There are several classical algorithms used to 
select these subsets of images; however, it is a hard problem and 
most efficient methods are approximate by necessity. In this work, 
we approach the challenge of image stacking using an extended 
quantum MAXCUT clustering algorithm to build stacks based on 
correlated images. We present a discussion on the performance 
and scaling of the algorithm and propose directions for further 
research. 


Image Stacking by Quantum Annealing
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Abstract: Given a undirected graph G=(V, E) and a set of weights 
associated to each edge in E, the matching problem consists in 
finding a subset S in E, such that each vertex in V is connected to 
one and only one other vertex (perfect matching) and the sum of the 
weights of the edges in S is minimized. This problem is in the P 
complexity class, and it is of great interest for both the complexity 
theory and the statistical physics of disordered systems. Indeed, if 
the weights are randomly chosen the problem can be studied by 
replica (or cavity) methods and much information can be obtained 
about the "typical" solution of the problem. Moreover, a slight 
variation of the problem (the so called "one-in-two" matching 
problem) can be proved to be in the NP-complete complexity class. 
Here we present some recent results on this problem as well as a 
mapping of the matching problem (and its NP-complete variant) in a 
quadratic unconstrained binary optimization (QUBO) form. 

Author: 
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Abstract: We import the tools of the Morse-Conley (M-C) theory to 
study adiabatic evolution, the core mechanism in adiabatic 
quantum computations (AQC). AQC is computationally equivalent 
to the (pre-eminent paradigm) of the Gate model but less error-
prone, and so is ideally suitable to practically tackle a large number 
of important applications. AQC remains, however, poorly 
understood theoretically and its mathematical underpinnings are yet 
to be satisfactorily identified. Through M-C theory, we bring a 
completely novel perspective that we hope opens the door for 
using such mathematics in the realm of quantum computations, 
providing a secure foundation for AQC. Specifically, we show that 
the singular homology of a certain cobordism, that we construct 
from the given Hamiltonian using the handlebody decomposition, 
defines the adiabatic evolution. Our result is based on E. Witten's 
famous construction for Morse homology that was derived in the 
very different context of supersymmetric quantum mechanics. We 
investigate how such topological invariants can be an obstruction 
to any computational speed-up in AQC (i.e., the scaling of the 
spectral gap). Particular attention is given to several examples 
exhibiting non-stoquastic behavior. 

Solving the Matching Problem via Quantum Annealing

Topological Invariants for Adiabatic Quantum Computations
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Abstract: It is known that secondary non-stochastic drivers may 
offer speed-ups in some models of adiabatic quantum computation 
accompanying the more typical transverse field driver. Their 
combined effect is to raze potential barriers to zero during adiabatic 
evolution; first order phase transitions are softened into second 
order transitions. Going beyond mean field analysis to a fully 
quantum model of an N-spin ensemble we demonstrate the 
necessary criteria for enhanced mobility across potential barriers is 
actually a quantum form of the Rayleigh criterion. This leads to the 
surprising result that without the need to fully suppress barriers, 
quantum speed-up can be demonstrated in models where it was 
previously thought not possible. Classical phase diagrams may in 
some cases need to be redrawn. 

Abstract: The embedding of a graph (A) as a minor of another 
graph (B) is known as minor embedding. Graph A can be 
understood as the logical graph of a problem and graph B as the 
underlying architecture of a quantum annealer. In the embedded 
graph each single logical qubit is represented by a chain of 
ferromagnetically-coupled physical qubits. It is known that minor 
embedding is necessary for solving highly-connected problems on 
quantum annealers of finite degree. Finding the minor embedding 
for a given instance of a given a problem on a given annealer 
architecture is typically done heuristically. There are two crucial 
parameters in minor embeddings. The first is the ferromagnetic 
coupling strength within the chains. Due to engineering limitations, 
there is a maximum coupling strength in the quantum annealer. We 
have found that setting the intra-chain ferromagnetic coupling to its 
maximum value does not necessarily maximise the performance of 
the D-Wave quantum annealer. There is an optimal value for the 
ferromagnetic coupling strength within chains. The second crucial 
parameter is the length of chains. Long chains in embeddings are 
problematic due to the low energy cost associated with a domain 
wall between locally ferromagnetic portions of the chain. However 
long-chain-embeddings are not necessarily worse than short-chain-
embeddings. We will use job shop scheduling problems and max-
cut problems on the D-Wave annealer as an illustration of this.  

Quantum Speed-Up at Zero Temperature via Coherent Catalysis

Minor Embedding and its Applications in Quantum Annealing
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Abstract: A slow dynamics of a quantum state of the time-
dependent Hamiltonian is called a quantum adiabatic process such 
as quantum annealing. In this quantum adiabatic process, we 
showed a method of obtaining the time-dependent matrix product 
representation, and investigated the time evolution process of the 
matrix elements. The target system is assumed as a one-
dimensional quantum spin system and the Hamiltonian indicates 
Farhi type time developmence. The final state of this system is 
reduced to a one-dimensional Heisenberg model. In the analysis, it 
was projected onto two effective spin models by the 
renormalization operation. As a result, it was found that factors of 
matrix product representation exhibit some kind of symmetry with 
each other. This research is collaboration work with Yuto Yamazaki, 
Takashi Nakajima, Soichiro Okamura (Tokyo University of Science). 

Matrix Product Representation of Wave Function in Quantum Adiabatic 
Process and its Time Evolution

Author: 
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Affiliation: 
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Abstract: The goal of Markowitz portfolio theory is to maximize the 
return on a portfolio of assets while staying within budget and 
minimizing risk through diversification. The inputs include a user 
risk evaluation, historical price data for each asset, and the budget. 
The output is the set of assets that are recommended for purchase, 
the expected return, and the total cost. As the number of assets 
used for analysis increases, the search space increases 
exponentially. Thus, there is potential for speed up over brute force 
search when solving this problem on an adiabatic quantum 
computer. We have formulated the Markowitz problem as a 
quadratic unconstrained binary optimization problem (QUBO) and 
tested the accuracy of the D-Wave quantum annealer to select 
optimal portfolios from various sets of stock and cryptocurrency 
data. We further tested the limitations on the number of assets that 
can be analyzed and how the annealing time impacts the run-time 
and accuracy. 


Applying Quantum Annealing to Markowitz Portfolio Theory  
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Abstract: The traveling salesman problem (TSP) is one of the most 
famous NP-hard problems and it is solved by optimizing the total 
distance of traveling routes. In the present study, we test the D-
Wave quantum annealer for solving the TSP on maps of 
Disneylands in the world (Tokyo, Hong Kong, Shanghai, Paris, 
California, Florida). They have many attractions (up to 161 available 
visiting sites in a single map) which are placed in a moderately 
complex layout. Solving the TSP in the D-Wave quantum annealer 
is a formidable task because it is written in terms of fully-connected 
Ising spins, or Ising spin system with long-range exchange 
interaction, as well system as its exponential scaling of 
computational difficulty. Although the performance of D-Wave 
quantum annealer can not be efficiently exhibited in such situation, 
we evaluate and discuss its performance on real application of 
quantum computation. In our presentation, we will share a part of 
our results that include evaluation of time to solve and the success 
probability of finding the correct ground state. As far as our 
knowledge, the correct ground state. As far as our knowledge, there 
are no previous academic papers which address the TSP using a D-
Wave quantum annealer. Therefore, we offer the first research which 
evaluates the present performance of a D-Wave quantum annealer 
for a good amount of realistic data and it is expected to become a 
benchmark analysis of problems addressing fully-connected Ising 
spins.

Abstract: An idea for an application of the quantum annealing 
mechanism to construct a projection measurement in a collective 
space is proposed. We use the annealing mechanism to drive the 
pointer degree of freedom associated with the measurement 
process. The parameters in its problem Hamiltonian is given not as 
classical variables but as quantum variables (states). By additionally 
introducing successive short interactions so that the back reaction 
to the quantum state (to be measured) can be controlled, we invent 
a quantum mechanically parametrized quantum annealing process. 
Applying to a particular problem of discrimination of two collective 
states, we find that the process by the quantum mechanically 
parametrized annealing arrives at projection measurement in the 
collective space when the parametrizing quantum variables 
themselves are orthogonal (or distinguishable). See arXiv:
1803.07259 for further details. This work is partly based on results 
from a project commissioned by the new Energy and Industrial 
Technology Development Organization (NEDO). 

Traveling around Dream and Magical Lands with D-Wave Quantum Annealer

Application of Quantum Annealing Mechanism to Projection Measurement 
in Collective Space
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Abstract: Projective quantum Monte Carlo (QMC) techniques have 
been shown to be efficient quantum- inspired classical optimization 
methods to mimic the imaginary-time dynamics of the Schroedinger 
equation [1] and more recently, they have been used to gain more 
understanding [2] of one of the main empowering resource of 
quantum annealers, namely incoherent quantum tunneling. In [2], 
the computational cost to find ground-state properties was found to 
scale exponentially with the system size, presumably due to the 
non-use of importance sampling techniques. In this work, we use 
artificial neural-network states as guiding function for the projective 
QMC method and discuss the scaling across the phase diagram of 
the quantum Ising chain and its implications on simulating quantum 
annealing using stochastic algorithms. [1] E. M. Inack, S. Pilati, PRE 
92, 053304 (2015) [2] E. M. Inack, G. Giudici, T. Parolini, G. Santoro 
and S. Pilati, PRA 97, 032307 (2017) 

Author: 
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Abstract: Adiabatic Quantum Computation(AQC) solves 
optimization problems by constructing the Hamiltonian whose 
ground state encodes the solution to the problem. It is of great 
interest to find problems which are suitable for solving using the 
AQC paradigm. We solved the Set Cover with Pairs(SCP) problem 
and Factorization problem using AQC, and embedded the problems 
to the Ising Hamiltonians which are executable in the state-of-art 
quantum hardware. We also considered the control precision 
problem of the current hardware for our problems. In the result Ising 
Hamiltonians for encoding an SCP instance, the control precision 
scales only linearly with the number of objects in the covering set. 
In the Hamiltonians for encoding a Factorization instance, the 
coefficients are polynomially large with regard to the length of the 
number to be factored. 


Projective Quantum Monte Carlo Simulations with Neural Networks

Adiabatic Quantum Computation for Solving Optimization Problems
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Abstract: We recast the gauge selection problem in quantum 
annealing as a multi-armed bandit (MAB) problem and the 
application of some of the techniques from the field of bandit 
problems to gauge selection, providing the results of applying these 
techniques on an existing ensemble of problems with a wide range 
of difficulty for existing quantum annealers. Further, we discuss 
some of the intricacies of comparing the performance of MAB 
techniques with standard benchmarking methods for heuristic 
olvers. 

Gauge Selection as a Bandit Problem
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Abstract: Simulating strongly correlated fermionic systems is 
notoriously hard on classical computers. Here, we propose efficient 
quantum algorithms to simulate strongly correlated fermionic 
systems on 2D and linear geometry with nearest neighbor qubit-
qubit couplings, typical for superconducting transmon qubit arrays. 
We also discuss how these algorithms can be used to determine 
the ground state properties and phase diagrams of strongly 
correlated system using the Hubbard model as an example. 

Quantum Algorithms to Simulate Correlated Fermions
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Abstract: The success probability to find the ground state of an 
Ising Hamiltinian in the quantum annealing is reduced by unwanted 
nonadiabatic processes such as the Landau-Zener transition. In this 
talk, we propose a protocol to modulate the success probability by 
applying a diabatic pulse during quantum annealing. By optimizing 
the pulse parameters, the success probability can be enhanced, 
compared to the conventional quantum annealing in the presence 
of the Landau-Zener transitions due to the fixed annealing times. 
Our results shows that non-adiabatic processes can be used to 
improve the efficiency of quantum annealing machines. 

Theory of Quantum Annealing with Diabatic Pulse
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Abstract: Dedicated QA chip of a specific Markov Random Field 
(MRF) topology may contribute to calculation efficiency in Machine 
Learning(ML) procedures. Whilst developing such chips with 
superconducting flux quits, we have built an SDK including plugins 
to existing ML frameworks such as Keras or Tensorflow, allowing 
QA to be easily used in ML. To demonstrate its usage, we have 
developed a GPGPU-parallelized simulator of the complete-
bipartite MRF and measured qubits/sec on execution.  

Quantum Machine Learning Chip & Ising Model SDK

Author: 
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Abstract: Floorplanning of modules has been a significant role in 
VLSI design automation and it can be formulated as the "Rectangle 
Packing Problem." Ising model-based computers (or annealing 
machines) are the type of a non-von Neumann computer and 
recently expected to solve combinatorial optimization problems 
efficiently. We propose a representation of "Rectangle Packing 
Problem" for solving it by the Ising model-based computers. Our 
proposed approach maps a "Rectangle Packing Problem" with $N$ 
rectangles onto a $3N^3$-spin logical Ising model. To examine the 
performance of Ising model-based computers, we perform the 
numerical simulations of the Ising models on a three-dimensional 
lattice and on a complete graph. We find that the computation cost 
by the Ising model-based computers is less than that by a 
conventional simulated annealing. This study is based on the results 
obtained from a project commissioned by the New Energy and 
Industrial Technology Development Organization (NEDO).  

An Ising Model Representation of Rectangle Packing Problem
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Abstract: A new approach towards designing a quantum annealing 
superconductor integrated circuit, called Application Specific 
Annealing Circuit, or ASAC in short, is proposed and demonstrated 
using a proof-of-concept hardware system specifically designed for 
integer factoring in this poster presentation. This work is partly 
based on results from a project commissioned by the new Energy 
and Industrial Technology Development Organization (NEDO).  

Abstract: Boltzmann machines have been successfully applied to 
both supervised and unsupervised machine learning tasks. These 
models assume that some given dataset is generated according to 
a Boltzmann distribution, and the goal of the training procedure is 
to learn the set of parameters that most closely match the input 
data distribution. However, training such models is difficult, due to 
the intractability of traditional sampling techniques. Quantum 
annealing, which has the potential to sample more efficiently and 
from a wider range of distributions than classical methods, may 
help lead to future advances in the development of these learning 
algorithms. Nevertheless, real physical devices will inevitably be 
coupled to the environment, and the strength of this coupling 
affects the effective temperature of the distributions that 
experimental quantum annealers sample from. In addition, this 
effective temperature generally scales with the size of the input 
problem. To counteract these problems, error correction schemes 
are needed if there is to be some benefit in using quantum 
annealing for problems at a larger scale. To this end, we have 
applied nested quantum annealing correction (NQAC), a scalable 
and generalizable error correction scheme, to do unsupervised 
learning with a small bars and stripes (BAS) dataset, and to a 
reduced MNIST dataset, which consists of black-and-white images 
of hand-written integers to do supervised learning. For both 
datasets, we demonstrate an effective temperature reduction with 
NQAC that leads to an increase in learning performance. 

Demonstration of A Portable Application-Specific Annealing Circuit (ASAC) 
for Integer Factoring without Refrigerator

Improving Training of Boltzmann Machines with Nested Quantum 
Annealing Correction (NQAC)
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Abstract: Orthogonal decomposition of Boolean functions is a 
process of decomposing a large-scale Boolean function, that is, the 
Boolean function is represented by a composite of simpler 
functions. It is an effective way of reducing the implementation cost 
of Boolean functions. The most naive algorithm for orthogonal 
decomposition obtains the optimal solution by simple bit 
operations[1], however, it is impractical to apply such algorithm to 
large-scale problems since its computational cost grows 
exponentially with the number of input bits. In this work, we 
formulate the orthogonal decomposition algorithm as a 
combinatorial optimization problem, and the results of solving the 
problem using Simulated Quantum Annealing(SQA) and Simulated 
Annealing(SA) are compared. Though the result for SA shows higher 
probability of obtaining the optimal solution compared to SQA, the 
probability for SQA to provide the third best or better solution is 
higher than the case for SA. The result indicates the potential 
advantage of SQA in practical applications where nearly optimal 
solutions are sufficient. [1] Marek Perkowski et al. : Decomposition 
of multiple-valued relations. Proc. ISMVL '97, Halifax, Canada, May 
1997, pp.13 18. 
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Abstract: (1) We compare a 2000Q system to 6 native solvers, 
using a 2D performance metric (t, e), t=time and e=energy. The 
quantum system is Pareto-optimal, returning better solutions faster 
than classical solvers, on 6 input sets. (2) We identify input features 
in these sets that make inputs hard/easy for the solvers, and 
describe a feature for which HFS is guaranteed to fail to find 
optimal solutions.  

Simulated Quantum Annealing for Orthogonal Bi-Decomposition of Boolean 
Functions

Mapping the Performance Landscape 
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Abstract: Variational Bayes (VB) inference is one of the most 
important algorithms in machine learning and widely used in 
engineering and industry. However, VB is known to suffer from the 
problem of local optima. In this Letter, we generalize VB by using 
quantum mechanics and propose a new algorithm, which we call 
quantum annealing variational Bayes (QAVB) inference. We then 
show that QAVB drastically improves the performance of VB in a 
clustering problem described by a Gaussian mixture model. Finally, 
we discuss an intuitive understanding of how QAVB works well. 

Abstract: We propose a method for traffic data reconstruction by 
using D-Wave machine. The method based on Markov random field 
(MRF) modeling of road traffic appearing in the previous study [S. 
Kataoka et al. (2014)]. The algorithm consists of two steps; the 
determination of the hyper-parameters of MRF and solving iterative 
equations of MRF. The first step can be formulated as the restricted 
Boltzmann machine that can be implemented on D-Wave machine. 
We show our tentative results using D-Wave 2000Q. 

Quantum Extension of Variational Bayes Inference

Traffic Data Reconstruction using D-Wave Machine
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Abstract: The blockchain is expected to be used in various fields 
as a decentralized application platform such as cryptocurrency. In 
the blockchain technology, Proof of Work (PoW) has been adopted 
as a significant consensus algorithm to avoid tampering of data 
records. Since PoW needs a massive calculation process, called 
mining, enormous electricity usage for keeping the platform and 
much lead time to commit transaction are required.


In our study, we propose a new method in which a problem that 
cannot be solved quickly by conventional digital computers but can 
be solved in a short time by quantum annealing processor is 
adopted as a mining problem of PoW.  The following four conditions 
are necessary to adopt as a mining problem of PoW. (i) The problem 
can be generated automatically by committed data. (ii) The 
judgment whether the problem is solved can be set up. (iii) The 
problem can be solved in a short time by quantum annealing 
processor but cannot be solved quickly by conventional digital 
computers. (iv) To solve the problem is difficult whereas the 
confirmation of solution is easy. 


Our scheme is as follows. First, we set the seed of random number 
from the committed data. Next, we generate a couple of problems 
in which the parameters in quadratic unconstraint binary 
optimization (QUBO) are prepared randomly.  Also, the target value 
of cost function is set up. In our method, the mining is regarded to 
find better solutions for a certain number of problems in the 
generated problems. 

In our presentation, we will show the essential concept and the 
efficiency of our strategy.

Blockchain Consensus Algorithm by Using Quantum Annealing Processor
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Abstract: We study multilevel Landau-Zener transition of transverse 
Ising model to deal with time evolution in quantum mechanics 
rigorously in the theoretical analysis of quantum annealing. We 
show that the time evolution operator can be separated into three 
pieces, one of which is significantly important for calculating the 
transition probability. Our analysis may play an important role to 
investigate transition probability of multilevel systems. 

Multilevel Landau-Zener Transition in Transverse Ising Model
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Abstract: Making predictions about flow and transport in an aquifer 
requires knowledge of the heterogeneous properties of the aquifer 
such as permeability. Computational methods for inverse analysis 
are commonly used to infer these properties from quantities that are 
more readily observable such as hydraulic head. We present a 
method for computational inverse analysis that utilizes quantum 
annealing. While quantum computing is in an early stage compared 
to classical computing, we demonstrate that it is sufficiently 
developed that it can be used to solve certain subsurface flow 
problems. We utilize a D-Wave 2X quantum annealer to solve 1D 
and 2D hydrologic inverse problems that, while small by modern 
standards, are similar in size and sometimes larger than hydrologic 
inverse problems that were solved with early classical computers. 
Our results and the rapid progress being made with quantum 
computing hardware indicate that the era of quantum-
computational hydrology may not be too far in the future. 

An Approach to Hydrologic Inverse Analysis with Quantum Annealing
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Abstract: Reverse annealing (RA) is a variant of QA and starts from 
a given classical configuration of spins. One then increases and 
next decreases quantum fluctuations and finally reads out the state 
as a possible solution to the given combinatorial optimization 
problem. We formulate a mean-field theory of RA using the fully-
connected p-spin model with and without random longitudinal field 
and analyze it. We find that the difficulty arising from the existence 
of a first-order quantum phase transition is circumvented by RA if 
the proximity of the initial state to the solution exceeds a threshold. 

Reverse Annealing for the Fully Connected P-Spin Model 
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Abstract: The quantum speed limit (QSL) describes the 
fundamental maximum rate for quantum time evolution. Recently, a 
classical counterpart of QSL, classical speed limit (CSL), is 
obtained. In this study, we apply CSL to the imaginary-time Grover 
problem. As the result, we show that the optimal scaling is order 
log(N).  

Classical Speed Limit Applied to Imaginary-Time Grover Problem
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Abstract: We propose fast algorithm to embed bigger subproblem 
for exploiting the potential of D-Wave machine as the part of an 
iterative solver. Although qbsolv is released by D-Wave Systems 
Inc., the resource of D-Wave machine is inefficiently used because 
qbsolv applies the embedding of complete graph even if the 
connectivity of the subproblem is sparse. We solve some problems 
by our proposed algorithm and confirm we can obtain high accurate 
solutions with the much smaller number of iterations. 

Fast Algorithm to Embed Bigger Subproblem to D-Wave Machine
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Abstract: We analyze the performance of three generations of 
quantum annealers (housed at NASA Ames), D-Wave Two, 2X and 
2000Q, on hard scheduling problems. We quantify the 
improvements of each generation in both absolute time-to-solution 
and scaling of the time-to-solution with respect to problem sizes. 
We examined the contributions to this improvement, including the 
effect of hardware improvements and of the shorter anneal times 
available on the more recent annealers. We also examined how 
stronger or weaker ferromagnetic couplings enforcing constraints 
within vertex models (physical qubits representing the same logical 
qubit after embedding) affect performance. Our results offer insights 
about how future quantum annealers can be designed and 
programmed to be more effective at solving pragmatic optimization 
problems like the scheduling problems. 

Abstract: Quantum annealing is a promising candidate to realize 
quantum computation and break the limit of classical computers.  
Since all naturally arising interactions in circuit QED systems are 
two local, it is important to answer the question how to get higher 
local interactions. In this work we study a specific flux qubit coupler 
scheme without ancilla qubits. To get analytical expressions for the 
coupling strength for high coupler nonlinearities, we use the 
Schrieffer-Wolff transformation to derive an effective Hamiltonian. 
We show that the right system parameter choice and specific 
values of the coupler nonlinearity lead to a regime where four local 
interactions are the leading effect in the system and can be tuned 
up to hundreds of MHz. 

Performance of Quantum Annealers on Hard Scheduling Problems

Four Local Interactions in a Circuit QED Architecture without Ancilla Qubits
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Abstract: We report on our efforts to solve a real world problem 
from airport planning with a D-Wave quantum annealer. The 
problem is related to the quadratic assignment problem which is 
known to be a hard combinatorial optimization problem. We present 
a detailed analysis of the problem and compare quantum annealing 
solutions to classical approaches. To increase the success 
probability, we investigate some of the recently introduced features 
such as different annealing schedules. 

Flight Gate Assignment with a Quantum Annealer
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Abstract: Studying dynamics of dissipative spin systems is 
significant from the viewpoint of quantum annealing under 
environmental noise. We consider time evolution of a spin system 
coupled to a bosonic environment. By integrating out environmental 
degrees of freedom and using the stationary phase approximation, 
we obtain the semiclassical equation of motion valid for large 
system size. We apply this equation to perturbed Hamming weight 
oracle problems and discuss dissipative effects on quantum 
annealing. 

Abstract: Several powerful machines, such as D-Wave machine, 
dedicated to solving combinatorial optimization problems through 
the Ising-model formulation have been developed. In most of the 
practical cases, the Hamiltonian of the Ising model of an 
optimization problem is unknown. To input problems into the 
machines, the unknown constants of the Hamiltonian must be 
determined from using the limited number of observations. This is a 
typical inverse problem and is a nontrivial task. It can be beneficial 
that construct a method to estimate the coupling constants in the 
form of the Hamiltonian of the Ising model from several pairs of 
energy and spin configurations. In this presentation, firstly, we 
propose a method to estimate the coupling constants on the basis 
of the framework of statistical query learning. A pair of an energy 
value and spin configurations are regarded as an oracle in the 
context of statistical query learning. Asking queries for the oracle 
enables more efficient estimation of the coupling constants. 
Secondly, we analyze the typical performance of proposed method 
by employing the replica method. Moreover, we show the 
comparison of the results with the method using simple 
compressed sensing [C. Takahashi et al., arXiv:1803.02081]. Finally, 
we compare our analytical results with numerical results using the 
alternating direction method of multipliers. 

Dynamics of Fully Connected Spin Systems Under Dissipation

Statistical-Mechanical Analysis of Hamiltonian Estimation of Ising Spin 
Glass based on the Framework of Statistical Query Learning
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Abstract: Until today, stochastic quantum annealing (QA) is the only 
type of QA which has been implemented on a large scale, however, 
it is unclear how powerful it's computational power is. While 
stochasticity enables us to use numbers of numerical techniques 
such as quantum Monte Carlo (QMC) or diffusion Monte Carlo 
(DMC), there are known results for each algorithms, where a 
polynomially gapped stochastic QA actually requires exponential 
time for classical algorithms to simulate. Here, we will consider 
combining Monte Carlo techniques such as replica exchange 
Monte Carlo or population annealing with straightforward QMC or 
DMC. We see that these combinations speed up the simulation 
exponentially in some situations, and discuss polynomial 
simulability of stochastic QA in general. 
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Abstract: We consider to apply adiabatic quantum computation 
(AQC) to the singular value decomposition (SVD)[1,2]. In AQC for 
SVD, we found that the performance strongly depends on the 
preparing initial Hamiltonian. We showed two ways to prepare an 
appropriate initial Hamiltonian to obtain the well-approximated first 
singular vector by AQC. The first method is to calculate the cost 
function depending on the initial gap in the initial Hamiltonian. The 
cost function is defined by the expectation value of Gram matrix in 
the obtained state by AQC. The appropriate initial Hamiltonian is 
determined so that the cost function becomes the minimum value. 
The second method is to set the initial gap as the trace or the 
Frobenius norm of Gram matrix. We confirmed that in both 
methods, a well-approximated first singular vector can be obtained 
by AQC[3]. In this talk, we introduce the detail of our AQC method 
for SVD and also discuss the method to obtain the second and 
more singular vectors by AQC.  This research is collaboration work 
with Yoichiro Hashizume (Tokyo Univ. of Science) and Shu Tanaka 
(Waseda Univ.). 

Quantum Monte Carlo Techniques to Overcome Obstructions for Simulating 
Stochastic Quantum Annealing Efficiently

Adiabatic Quantum Computation to Obtain Singular Vectors
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Abstract: We considered the preprocessing of adiabatic quantum 
computation or quantum annealing toward the construction of high-
performance combinatorial optimization. In the conventional 
quantum annealing, a time-dependent transverse Ising model. 
Recently quantum annealing machines in which nonstochastic 
Hamiltonian is used or classical "noise" is introduced are 
developing in some experimental groups. We found that we should 
take care of a preprocessing for the classical Hamiltonian which 
represents combinatorial optimization problems we want to solve. 
In the presentation, our proposed preprocessing scheme and the 
effect of preprocessing for combinatorial optimization problems 
with/without constraints will be given.  

Abstract: Multi-spin couplers will be important for efficient 
embedding of hard problems and implementation of error 
suppression in quantum annealing. The low-energy spectrum 
corresponding to a Hamiltonian with high-order interactions can be 
implemented by perturbative gadgets, using only two-body 
couplings and ancillary qubits. We analyzed the implementation of 
the perturbative gadget proposed by Kempe et al. (SIAM Journal on 
Computing 35, 1070, 2006) using superconducting circuits. There 
are two challenges for the realization of this gadget: the large 
energy scales on ancillary qubits and the required initialization of 
ancillary qubits in a GHZ state. We proposed solutions to these 
challenges, and we analyzed the implementation of the gadget 
including realistic parameters and the role of decoherence. The 
research is based upon work partially supported by the Office of the 
Director of National Intelligence (ODNI), Intelligence Advanced 
Research Projects Activity (IARPA), via the U.S. Army Research 
Office contract W911NF-17-C-0050. The views and conclusions 
contained herein are those of the authors and should not be 
interpreted as necessarily representing the official policies or 
endorsements, either expressed or implied, of the ODNI, IARPA, or 
the U.S. Government. The U.S. Government is authorized to 
reproduce and distribute reprints for Governmental purposes 
notwithstanding any copyright annotation thereon. 

Preprocessing of Adiabatic Quantum Computation

Perturbative Gadgets in Quantum Annealers Based on Superconducting 
Flux Qubits
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Abstract: We propose a novel quantum optimization algorithm to 
tackle a variety of linear and non-linear integer programming 
problems that are NP hard in their general form. Some sub-classes 
of these can be optimally solved by iterative augmentation, starting 
from a feasible point and moving to another, using an optimality 
certificate. Among the optimality certificates, Graver bases can help 
solve these problems in polynomial number of iterations. The 
calculation of Graver basis, however, is exponentially hard (in 
general) on classical computers. Using the fair and uniform initial 
state (not final solution!) sampling property that is expected from an 
ideal quantum annealing processor we design a quadratic 
unconstrained binary optimization (QUBO) function that inherits 
symmetry properties in all of degenerate ground states (the ground 
state valleys are roughly similar). Additionally, we are able to 
compensate for the initial state sampling error (or bias) in real 
quantum annealing processors by systematically perturbing the 
variables. We test a hybrid classical-quantum algorithm (on D-Wave 
processor) that iteratively telescopes to the optimal solution, 
alternating between (quantum computation of a) suitably restricted 
Graver basis and (classical) augmentation of a feasible solution. 
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Abstract: Traffic issues like road congestion are major problems 
which bother efficiency of daily life in Thailand. Real-time 
optimization by using quantum annealing machine could create 
attractive applications for intelligent transportation system (ITS). 
Based on probed location data from commercial application T-
Square in Thailand, evaluation of taxi allocation was done using D-
Wave 2000Q. From the results we propose a novel method to 
improve the efficiency of implementation. 

Quantum Annealing Based Linear and Nonlinear Integer Programming 
Using Graver Bases

Quantum Annealing for Traffic Application in Thailand
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Abstract: The local field response method operates on a classical 
machine, and quantum effects are introduced through a priori 
information and through phenomenological means reflecting the 
states during the computations. This presentation 
phenomenologically introduces spin correlations to take multiple 
tunneling at band anticrossing into account. Solutions with spin 
correlations have 31% higher accuracy than those without for a 
128-bit  system. 

Abstract: One of the challenges of automated target recognition 
and tracking is the ability to resolve closely spaced objects (CSO) 
on a two-dimensional image plane. To date, one of the best CSO-
resolution algorithms attacks this challenge in two phases. For the 
first phase, the algorithm systematically subdivides clusters of 
image pixels into equally spaced grid points, conjectures K targets 
at these grid points, and for each set of such locations calculates 
associated irradiance values. The algorithm selects the set with the 
lowest sum of the residuals between the calculated irradiance and 
the measured pixel values. For the second phase, a refined 
polynomial-time search, e.g. Levenberg-Marquardt, then completes 
the estimation. Intuitively, the first phase is the combinatoric 
bottleneck. This research proves theoretically that the CSO-
resolution algorithm is NP-Hard and proposes an algorithm that 
maps the CSO-resolution to the Adiabatic Quantum Computing 
(AQC) model. Performance of CSO estimations is compared 
between AQC simulations and CPU computation model. If 
successful, this approach demonstrates that an intractable, yet 
important and practical, application can potentially be addressed 
with a nontraditional computation mo el. 

Local Field Response Method with Spin Correlations

Employing AQC for Optimization of a Combinatoric Closely Spaced 
Objects Resolution Algorithm
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Abstract: We applied a novel optimization method named Q-Adam 
(Quantum Adaptive moment estimation) to the optimization of a 
neural network. The Q-Adam is a stochastic optimization method 
incorporating the quantum fluctuation with the gradient method 
such as Adam. The original formulation of Q-Adam and its 
discussion is proposed by one of the author with collaborators (M. 
Ohzeki, S. Okada, M. Terabe, and S. Taguchi: under review). We 
applied Q-Adam to a specific problem to estimate deformation of 
an elastic object with a deep neural network. Deformation 
estimation of elastic object assuming an internal organ is important 
for the computer navigation of surgery. The aim of this study is to 
estimate the deformation of an entire three-dimensional elastic 
object using displacement information of very few observation 
points. We employed a human liver model reconstructed from 
computed tomography data as an elastic object. The estimation 
accuracy was improved in comparison with the case trained by the 
standard Adam in the same iteration number and the same hyper 
parameters involved in its algorithm. Our result demonstrated that 
the Q-Adam has a potential to promote the optimization of the deep 
neural network. We obtained higher generalization performance and 
achieved quicker training than the case with the standard Adam. 
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Abstract: We reported that inhomogeneous control of the 
transverse field erases first-order phase transitions in quantum 
annealing for the p-spin model at zero temperature. We show in the 
present work that temperature effects change the conclusion and 
first-order phase transitions appear as soon as the temperature 
becomes finite. Nevertheless, these new first-order transitions are 
weak and we may expect a quantitative speedup in comparison 
with the conventional method of uniform control of the transverse 
field. 

Application of Q-Adam to Deep Neural Network for Deformation Estimation 
of Elastic Object

Phase Transitions in Quantum Annealing under Inhomogeneous 
Transverse Field at Finite Temperatures
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Abstract: Signed graphs are ubiquitous in social networks. They 
represent relationships between individuals (i.e. nodes) via signed 
edges. Finding communities in signed graphs is of great importance 
in many areas, e.g., in targeted advertisement. We propose a multi-
community detection algorithm, formulating the underlying problem 
as a quadratic unconstrained binary optimization and use D-Wave 
2000Q system as the solver. Our experiments show promise in 
using a quantum processor to address this problem.  

Quantum Annealing Based M-ary Clustering of a Signed Graph
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