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What is a universal quantum computer?
DiVincenzo Criteria
• A scalable system with well-characterized qubits
• Ability to initialize state of qubits to a simple fiducial state, such as 
• A universal set of quantum gates
• Decoherence time much longer than gate-operation time
• A qubit specific measurement
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What is a qubit?
• 2-level system with an energy gap

• There is a state 0 and state 1
• Ground-state and excited-state (gap)

How does this compare to a classical bit?
• A qubit can be anywhere on the 3-sphere surface
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Need to initialize the set of qubits before a calculation

With n qubits, the explicit matrix representation has length 2n.
The Hilbert-space of n qubits is exponentially large.

The above example is a pure state (every qubit is at state 0).
A set of qubits can be in a mixed state

An algorithm can in parallel evaluate exponential number of possibilities.
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Smallest set of gates that can rotate a qubit to any point on the Bloch sphere?

Example: Infinitesimal rotations of SU(2) (special unitary group)

For circuit QC this + identity is the complete single qubit gate-operations.

Tensor-products of 2 of the following {I, τx, τy, τz} forms all 2-qubit gate-operations.
From here build CNOT (quantum XOR), AND, etc… gates.

I will not go much into circuit-based QC today.

dR = e−iτaθa ≃ 1 − iτaθa

τx = (0 1
1 0) τy = (0 −i

i 0 ) τz = (1 0
0 −1)

unitary rotation, reversible with exp(+iτθ)

Pauli matrices
x, y forms mixed states
z projects quantum to classical state
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Some very practical concerns
QC needs to be coherent
• Coherence implies the system does not lose information (probability is always 1).
• Ideal quantum systems are completely isolated, but not real computers.

• Interaction with environment can leak information and lose “quantumness”.
• Coherence time >> gate-operation time for the QC to be useful.

Need to be able to read the solution
• The state of each qubit needs to be read.
• For classical problems, the solution is a pure state.
• Tricky if QC is used for quantum simulations (solution is a 2n superposition state).



Paradigms of quantum computing

Universal Quantum Computers
• Circuit-based QC (quantum gate arrays)
• Topological QC (braiding anyons to get phase information)

• Adiabatic QC

• Quantum annealing In my opinion these names are partially
motivated by marketing also…

What are some examples of different quantum computers?
Circuit-based universal quantum computers
• Google, IBM, Rigetti, Amazon, many DOE funded quantum testbeds, etc…
Topological quantum computer
• Microsoft

Quantum annealers* (QA)
• D-Wave

* QA as produced by D-Wave can only solve classical problems. Adiabatic QC is 
in principle polynomially equivalent to other universal QC paradigms.



Adiabatic theorem

A physical system remains in its instantaneous eigenstate if 
a given perturbation is acting on it slowly enough and if 
there is a gap between the eigenvalue and the rest of the 

Hamiltonian’s spectrum.

Note: The inverse-gap dictates algorithm run-time

Is there a quantum computer that can prepare a trivial ground state and 
adiabatically evolve the quantum system to a non-trivial final 

Hamiltonian?

If so we can calculate complicated problems.

Note: NO gate operations.



What does a quantum annealer solve then?

Adiabatic quantum computing

H(t) = A(t)H init +B(t)Hfin
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This particular industry 
was inspired by this paper



Solving a programmable spin-glass model
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The purpose is to solve the final Hamiltonian

One can map ALL classical NP-hard optimization problems to this model 
(this is why it is interesting)


If we drop the transverse field…

• if J is a constant, we recover the n-dimensional Ising Model

• beyond 1-dimension we get (anti-)ferromagnetic phase transitions
• If J is random, we get the spin-glass model 

• If J and h is programmable, we have a computer
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These systems are solvable with thermal (classical) phase transitions
OR

at zero temperature quantum phase transitions
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This is why quantum annealing is (and is not) a quantum computer



Solutions to systems of equations are ubiquitous in science, engineering and mathematics.

Problem definition
Linear system of equations

Polynomial system of equations

High-dimensional function spaces are challenging for classical algorithms.

Can quantum computing tackle this?

Systems of equations

P (1)
ij xj = P (0)

i
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index notation  
P (1)
00 P (1)

01

P (1)
10 P (1)

11

!✓
x0

x1

◆
=

 
P (0)
0

P (0)
1

!

<latexit sha1_base64="NP0DI7gMVFlcRp1l92oQSoNPVBk="></latexit><latexit sha1_base64="NP0DI7gMVFlcRp1l92oQSoNPVBk="></latexit><latexit sha1_base64="NP0DI7gMVFlcRp1l92oQSoNPVBk="></latexit><latexit sha1_base64="NP0DI7gMVFlcRp1l92oQSoNPVBk="></latexit>

matrix notation

P (1)
ij xj + P (2)

ijkxjxk + · · · = P (0)
i

<latexit sha1_base64="00z+WPRpT7jhbKNkApfeJhPYkAY="></latexit><latexit sha1_base64="00z+WPRpT7jhbKNkApfeJhPYkAY="></latexit><latexit sha1_base64="00z+WPRpT7jhbKNkApfeJhPYkAY="></latexit><latexit sha1_base64="00z+WPRpT7jhbKNkApfeJhPYkAY="></latexit>



Correlated least-squares loss function                                        Fit function

Examples of linear equations

Solving the Dirac equation for propagator for example

Linear and polynomial regression can be mapped to a system of equations.

�2 ⌘ [F (x, {p})� hyi]i S
�1
ij [F (x, {p})� hyi]j

<latexit sha1_base64="OzoWtMZ5AtELQrExA2xwW1vNX2E="></latexit><latexit sha1_base64="OzoWtMZ5AtELQrExA2xwW1vNX2E="></latexit><latexit sha1_base64="OzoWtMZ5AtELQrExA2xwW1vNX2E="></latexit><latexit sha1_base64="OzoWtMZ5AtELQrExA2xwW1vNX2E="></latexit>

P (1) =

0

B@
f0(xi)S

�1
ij f0(xj) . . . f0(xi)S

�1
ij fP (xj)

...
. . .

...
fP (xi)S

�1
ij f0(xj) . . . fP (xi)S

�1
ij fP (xj)

1

CA

<latexit sha1_base64="6nnf7G/mCikKU88zcpqV/fidG4c=">AAAC3nicjVLPa9swFJa9bmu8H83W4y6iYSU5LNilsF4GhUHpMWNLW4hTT5afE7WybCQ5NAhfdyu99l/bbbf9G1Mcp5D+gD0Q+vjep/fpPSkuOFPa93877rON5y9ebra8V6/fvN1qv3t/ovJSUhjSnOfyLCYKOBMw1ExzOCskkCzmcBpffl3kT2cgFcvFDz0vYJyRiWApo0RbKmr/aQ3OTTfoVfgL3vVaYQwTJkyRES3ZVeW10s jvXkWsh79Hhl1U5+ZTUOEledHDuzhMcq3s/oTODKpaGYa29qzRhskK1Mwit1L+j9ETypWVNQKR3LUQtTt+368DPwRBAzqoiUHU/mutaJmB0JQTpUaBX+ixIVIzyqHywlJBQeglmYBRVjCFZI0cWShIBmps6uep8EfLJDjNpV1C45pdK0MypeZZbJX20lN1P7cgH8uNSp0ejA0TRalB0KVRWnKsc7x4a5wwCVTzuQWESmYbwHRKJKHa/gjPTia4P4eH4GSvH/j94Nt+5/CgmdEm+oB2UBcF6DM6RMdogIaIOkcOd0pn5v50f7nX7s1S6jrNmW20Fu7tPx2w3k4=</latexit><latexit sha1_base64="6nnf7G/mCikKU88zcpqV/fidG4c=">AAAC3nicjVLPa9swFJa9bmu8H83W4y6iYSU5LNilsF4GhUHpMWNLW4hTT5afE7WybCQ5NAhfdyu99l/bbbf9G1Mcp5D+gD0Q+vjep/fpPSkuOFPa93877rON5y9ebra8V6/fvN1qv3t/ovJSUhjSnOfyLCYKOBMw1ExzOCskkCzmcBpffl3kT2cgFcvFDz0vYJyRiWApo0RbKmr/aQ3OTTfoVfgL3vVaYQwTJkyRES3ZVeW10s jvXkWsh79Hhl1U5+ZTUOEledHDuzhMcq3s/oTODKpaGYa29qzRhskK1Mwit1L+j9ETypWVNQKR3LUQtTt+368DPwRBAzqoiUHU/mutaJmB0JQTpUaBX+ixIVIzyqHywlJBQeglmYBRVjCFZI0cWShIBmps6uep8EfLJDjNpV1C45pdK0MypeZZbJX20lN1P7cgH8uNSp0ejA0TRalB0KVRWnKsc7x4a5wwCVTzuQWESmYbwHRKJKHa/gjPTia4P4eH4GSvH/j94Nt+5/CgmdEm+oB2UBcF6DM6RMdogIaIOkcOd0pn5v50f7nX7s1S6jrNmW20Fu7tPx2w3k4=</latexit><latexit sha1_base64="6nnf7G/mCikKU88zcpqV/fidG4c=">AAAC3nicjVLPa9swFJa9bmu8H83W4y6iYSU5LNilsF4GhUHpMWNLW4hTT5afE7WybCQ5NAhfdyu99l/bbbf9G1Mcp5D+gD0Q+vjep/fpPSkuOFPa93877rON5y9ebra8V6/fvN1qv3t/ovJSUhjSnOfyLCYKOBMw1ExzOCskkCzmcBpffl3kT2cgFcvFDz0vYJyRiWApo0RbKmr/aQ3OTTfoVfgL3vVaYQwTJkyRES3ZVeW10s jvXkWsh79Hhl1U5+ZTUOEledHDuzhMcq3s/oTODKpaGYa29qzRhskK1Mwit1L+j9ETypWVNQKR3LUQtTt+368DPwRBAzqoiUHU/mutaJmB0JQTpUaBX+ixIVIzyqHywlJBQeglmYBRVjCFZI0cWShIBmps6uep8EfLJDjNpV1C45pdK0MypeZZbJX20lN1P7cgH8uNSp0ejA0TRalB0KVRWnKsc7x4a5wwCVTzuQWESmYbwHRKJKHa/gjPTia4P4eH4GSvH/j94Nt+5/CgmdEm+oB2UBcF6DM6RMdogIaIOkcOd0pn5v50f7nX7s1S6jrNmW20Fu7tPx2w3k4=</latexit><latexit sha1_base64="6nnf7G/mCikKU88zcpqV/fidG4c=">AAAC3nicjVLPa9swFJa9bmu8H83W4y6iYSU5LNilsF4GhUHpMWNLW4hTT5afE7WybCQ5NAhfdyu99l/bbbf9G1Mcp5D+gD0Q+vjep/fpPSkuOFPa93877rON5y9ebra8V6/fvN1qv3t/ovJSUhjSnOfyLCYKOBMw1ExzOCskkCzmcBpffl3kT2cgFcvFDz0vYJyRiWApo0RbKmr/aQ3OTTfoVfgL3vVaYQwTJkyRES3ZVeW10s jvXkWsh79Hhl1U5+ZTUOEledHDuzhMcq3s/oTODKpaGYa29qzRhskK1Mwit1L+j9ETypWVNQKR3LUQtTt+368DPwRBAzqoiUHU/mutaJmB0JQTpUaBX+ixIVIzyqHywlJBQeglmYBRVjCFZI0cWShIBmps6uep8EfLJDjNpV1C45pdK0MypeZZbJX20lN1P7cgH8uNSp0ejA0TRalB0KVRWnKsc7x4a5wwCVTzuQWESmYbwHRKJKHa/gjPTia4P4eH4GSvH/j94Nt+5/CgmdEm+oB2UBcF6DM6RMdogIaIOkcOd0pn5v50f7nX7s1S6jrNmW20Fu7tPx2w3k4=</latexit>

P (0) =

0

B@
f0(xi)S

�1
ij yj

...
fP (xi)S

�1
ij yj

1

CA

<latexit sha1_base64="wh07Xz1qFcl2brumnIfNRFlq5fU="></latexit><latexit sha1_base64="wh07Xz1qFcl2brumnIfNRFlq5fU="></latexit><latexit sha1_base64="wh07Xz1qFcl2brumnIfNRFlq5fU="></latexit><latexit sha1_base64="wh07Xz1qFcl2brumnIfNRFlq5fU="></latexit>

P (1)x = P (0)
<latexit sha1_base64="yhWvmkO0f/o89EzCrn4Vb3D8ZpQ=">AAACEXicbZDLSgMxGIX/8VrrbbRLN8EitJsyI4LdCAU3LivYC7RjyWQybWjmQpIRh2Gewgdwq4/gTtz6BD6Br2HazqatPwQ+zjlJ+I8bcyaVZf0YG5tb2zu7pb3y/sHh0bF5ctqVUSII7ZCIR6LvYkk5C2lHMcVpPxYUBy6nPXd6O/N7T1RIFoUPKo2pE+BxyHxGsNLSyKy0H7OaXc/RM7pBM7bq+cisWg1rPmgd7AKqUEx7ZP4OvYgkAQ0V4VjKgW3FysmwUIxwmpeHiaQxJlM8ppnUgQn1lsSBxhAHVDrZfKMcXWjFQ34k9AkVmqtLz+BAyjRwdTLAaiJXvZn4nzdIlN90MhbGiaIhWXzkJxypCM3qQR4TlCieasBEML0AIhMsMFG6xLJuxl7tYR26lw3batj3V9VWs+ioBGdwDjWw4RpacAdt6ACBFF7hDd6NF+PD+DS+FtENo7hTgaUxvv8ADmmbnA==</latexit><latexit sha1_base64="yhWvmkO0f/o89EzCrn4Vb3D8ZpQ=">AAACEXicbZDLSgMxGIX/8VrrbbRLN8EitJsyI4LdCAU3LivYC7RjyWQybWjmQpIRh2Gewgdwq4/gTtz6BD6Br2HazqatPwQ+zjlJ+I8bcyaVZf0YG5tb2zu7pb3y/sHh0bF5ctqVUSII7ZCIR6LvYkk5C2lHMcVpPxYUBy6nPXd6O/N7T1RIFoUPKo2pE+BxyHxGsNLSyKy0H7OaXc/RM7pBM7bq+cisWg1rPmgd7AKqUEx7ZP4OvYgkAQ0V4VjKgW3FysmwUIxwmpeHiaQxJlM8ppnUgQn1lsSBxhAHVDrZfKMcXWjFQ34k9AkVmqtLz+BAyjRwdTLAaiJXvZn4nzdIlN90MhbGiaIhWXzkJxypCM3qQR4TlCieasBEML0AIhMsMFG6xLJuxl7tYR26lw3batj3V9VWs+ioBGdwDjWw4RpacAdt6ACBFF7hDd6NF+PD+DS+FtENo7hTgaUxvv8ADmmbnA==</latexit><latexit sha1_base64="yhWvmkO0f/o89EzCrn4Vb3D8ZpQ=">AAACEXicbZDLSgMxGIX/8VrrbbRLN8EitJsyI4LdCAU3LivYC7RjyWQybWjmQpIRh2Gewgdwq4/gTtz6BD6Br2HazqatPwQ+zjlJ+I8bcyaVZf0YG5tb2zu7pb3y/sHh0bF5ctqVUSII7ZCIR6LvYkk5C2lHMcVpPxYUBy6nPXd6O/N7T1RIFoUPKo2pE+BxyHxGsNLSyKy0H7OaXc/RM7pBM7bq+cisWg1rPmgd7AKqUEx7ZP4OvYgkAQ0V4VjKgW3FysmwUIxwmpeHiaQxJlM8ppnUgQn1lsSBxhAHVDrZfKMcXWjFQ34k9AkVmqtLz+BAyjRwdTLAaiJXvZn4nzdIlN90MhbGiaIhWXzkJxypCM3qQR4TlCieasBEML0AIhMsMFG6xLJuxl7tYR26lw3batj3V9VWs+ioBGdwDjWw4RpacAdt6ACBFF7hDd6NF+PD+DS+FtENo7hTgaUxvv8ADmmbnA==</latexit><latexit sha1_base64="yhWvmkO0f/o89EzCrn4Vb3D8ZpQ=">AAACEXicbZDLSgMxGIX/8VrrbbRLN8EitJsyI4LdCAU3LivYC7RjyWQybWjmQpIRh2Gewgdwq4/gTtz6BD6Br2HazqatPwQ+zjlJ+I8bcyaVZf0YG5tb2zu7pb3y/sHh0bF5ctqVUSII7ZCIR6LvYkk5C2lHMcVpPxYUBy6nPXd6O/N7T1RIFoUPKo2pE+BxyHxGsNLSyKy0H7OaXc/RM7pBM7bq+cisWg1rPmgd7AKqUEx7ZP4OvYgkAQ0V4VjKgW3FysmwUIxwmpeHiaQxJlM8ppnUgQn1lsSBxhAHVDrZfKMcXWjFQ34k9AkVmqtLz+BAyjRwdTLAaiJXvZn4nzdIlN90MhbGiaIhWXzkJxypCM3qQR4TlCieasBEML0AIhMsMFG6xLJuxl7tYR26lw3batj3V9VWs+ioBGdwDjWw4RpacAdt6ACBFF7hDd6NF+PD+DS+FtENo7hTgaUxvv8ADmmbnA==</latexit>

F (xi, {p}) =
PX

n=1

pnfn(xi)
<latexit sha1_base64="o4qTIqJwWbcBYDdTjJ8NaVmBBXE="></latexit><latexit sha1_base64="o4qTIqJwWbcBYDdTjJ8NaVmBBXE="></latexit><latexit sha1_base64="o4qTIqJwWbcBYDdTjJ8NaVmBBXE="></latexit><latexit sha1_base64="o4qTIqJwWbcBYDdTjJ8NaVmBBXE="></latexit>

/D =S

P (1)x =P (0)
<latexit sha1_base64="t7weYPi9Aiz6mm2cw9h6Pbx0Sho=">AAACKHicbVC7TsMwFHV4lvAKMLJYVKCWoUoQEl2QKsHAWAR9SE2oHMdprToP2Q6iivIPfAcfwAqfwIa6svAbOG2WthzJ0vE59/r6HjdmVEjTnGgrq2vrG5ulLX17Z3dv3zg4bIso4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7rJ/c4z4YJG4aMcx8QJ0CCkPsVIKqlvnNuCITEkXnqb2bGg8PoMPti23nxKK1Y1e8nvOTerWd8omzVzCrhMrIKUQYFm3/i1vQgnAQklVkNEzzJj6aSIS4oZyXQ7ESRGeIQGJC1+MSf2FA1RQISTThfN4KlSPOhHXJ1Qwqk69wwKhBgHrqoMkByKRS8X//N6ifTrTkrDOJEkxLNBfsKgjGCeGvQoJ1iysSIIc6oWgHiIOMJSZaurZKzFHJZJ+6JmmTXr/rLcqBcZlcAxOAEVYIEr0AB3oAlaAINX8A4+wKf2pn1p39pkVrqiFT1HYA7azx/5MKRk</latexit><latexit sha1_base64="t7weYPi9Aiz6mm2cw9h6Pbx0Sho=">AAACKHicbVC7TsMwFHV4lvAKMLJYVKCWoUoQEl2QKsHAWAR9SE2oHMdprToP2Q6iivIPfAcfwAqfwIa6svAbOG2WthzJ0vE59/r6HjdmVEjTnGgrq2vrG5ulLX17Z3dv3zg4bIso4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7rJ/c4z4YJG4aMcx8QJ0CCkPsVIKqlvnNuCITEkXnqb2bGg8PoMPti23nxKK1Y1e8nvOTerWd8omzVzCrhMrIKUQYFm3/i1vQgnAQklVkNEzzJj6aSIS4oZyXQ7ESRGeIQGJC1+MSf2FA1RQISTThfN4KlSPOhHXJ1Qwqk69wwKhBgHrqoMkByKRS8X//N6ifTrTkrDOJEkxLNBfsKgjGCeGvQoJ1iysSIIc6oWgHiIOMJSZaurZKzFHJZJ+6JmmTXr/rLcqBcZlcAxOAEVYIEr0AB3oAlaAINX8A4+wKf2pn1p39pkVrqiFT1HYA7azx/5MKRk</latexit><latexit sha1_base64="t7weYPi9Aiz6mm2cw9h6Pbx0Sho=">AAACKHicbVC7TsMwFHV4lvAKMLJYVKCWoUoQEl2QKsHAWAR9SE2oHMdprToP2Q6iivIPfAcfwAqfwIa6svAbOG2WthzJ0vE59/r6HjdmVEjTnGgrq2vrG5ulLX17Z3dv3zg4bIso4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7rJ/c4z4YJG4aMcx8QJ0CCkPsVIKqlvnNuCITEkXnqb2bGg8PoMPti23nxKK1Y1e8nvOTerWd8omzVzCrhMrIKUQYFm3/i1vQgnAQklVkNEzzJj6aSIS4oZyXQ7ESRGeIQGJC1+MSf2FA1RQISTThfN4KlSPOhHXJ1Qwqk69wwKhBgHrqoMkByKRS8X//N6ifTrTkrDOJEkxLNBfsKgjGCeGvQoJ1iysSIIc6oWgHiIOMJSZaurZKzFHJZJ+6JmmTXr/rLcqBcZlcAxOAEVYIEr0AB3oAlaAINX8A4+wKf2pn1p39pkVrqiFT1HYA7azx/5MKRk</latexit><latexit sha1_base64="t7weYPi9Aiz6mm2cw9h6Pbx0Sho=">AAACKHicbVC7TsMwFHV4lvAKMLJYVKCWoUoQEl2QKsHAWAR9SE2oHMdprToP2Q6iivIPfAcfwAqfwIa6svAbOG2WthzJ0vE59/r6HjdmVEjTnGgrq2vrG5ulLX17Z3dv3zg4bIso4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7rJ/c4z4YJG4aMcx8QJ0CCkPsVIKqlvnNuCITEkXnqb2bGg8PoMPti23nxKK1Y1e8nvOTerWd8omzVzCrhMrIKUQYFm3/i1vQgnAQklVkNEzzJj6aSIS4oZyXQ7ESRGeIQGJC1+MSf2FA1RQISTThfN4KlSPOhHXJ1Qwqk69wwKhBgHrqoMkByKRS8X//N6ifTrTkrDOJEkxLNBfsKgjGCeGvQoJ1iysSIIc6oWgHiIOMJSZaurZKzFHJZJ+6JmmTXr/rLcqBcZlcAxOAEVYIEr0AB3oAlaAINX8A4+wKf2pn1p39pkVrqiFT1HYA7azx/5MKRk</latexit>

Minimizing loss function (assuming linear) yields a linear system of equations



Mapping systems of equations to spin-glass

Rewrite system of equations

into a minimization problem

Map R-spin chain to a superposition of 2R decimal numbers

                                             where                               (QUBO definition)

For a system of N linear equations the mapping is explicitly

In principle a direct solve (global minimum) independent of condition number or sparseness.
Quantum computers can simultaneously evaluate an exponential number of solutions.
Note: PRL 103 150502 (2009) (HHL algorithm) outlines linear solver for gate-model QC. 

P (1)
ij xj + P (2)

ijkxjxk + · · · = P (0)
i
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Systems of Quadratic Equations
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<latexit sha1_base64="d0kw49Fwa51CAbCW2f5cvL46aEk=">AAACY3icbZFdS8MwFIaz+l2/5vROhOBQBHG0tepuhIE3Xk5wU9hmSbMzF0w/SFLZGPuF/gJ/gHjtrd6YtlPY9ECah/ecNyFv/ZgzqSzrtWDMzS8sLi2vmKtr6xubxa1SU0aJoNCgEY/EvU8kcBZCQzHF4T4WQAKfw53/dJX2755BSBaFt2oYQycgjyHrMUqUlrwiWPjwEjsDz3pw8DE+1YAHnq1RfzMp7enNTdUTfGa322bm+b E4KeUW59d0mpuczOSee8WyVbGywn/BnkAZTaruFd/b3YgmAYSKciJly7Zi1RkRoRjlMDbbiYSY0CfyCCOpB/rQnRJbGkMSgOyMsozG+EArXdyLhF6hwpk6dQwJpBwGvp4MiOrL2V4q/tdrJapX7YxYGCcKQppf1Es4VhFOA8ddJoAqPtRAqGD6AZj2iSBU6d9i6mTs2Rz+QtOp2G7FvXHLteoko2W0i/bREbLRBaqha1RHDUTRC/pAn+ir8GasGiVjJx81ChPPNpoqY+8bp5atTw==</latexit>

Solve toy example:
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<latexit sha1_base64="LPhBM78nS1O2EGpB9tDhSf2CSC8=">AAAC63iclZLdatswFMdl76Nd9pVul7sRCwsJAWOHwHpTaLub3i3dlrYQOUFW5ERUso10XBqMb7ZH2N3Y7R5qT7CrvcNkOxTSjsEOGP/9O0fnbx0pyqQw4Ps/Hffe/QcPd3YftR4/efrseXvvxZlJc834hKUy1RcRNVyKhE9AgOQXmeZURZKfR5fvqvz5FddGpMknWGc8VHSZiFgwChbN27+7J7OCAL8GrYrTyfH7siSkddDFRP IYpng8K3p+v8SDWgX9suY9whYpEEVhxagsjssBYUIzfEOOSpKCUNzckA9lsyYzgmixXEG/eXnWbtCtu3qVxfDfFv/lMBsOiCWm+Qxnw3m743t+HfiuCDaigzYxnrd/2QYsVzwBJqkx08DPICyoBsEkL1skNzyj7JIueWFswYovtuDUyoTavwyL+qxK/MaSBY5TbZ8EcE232lBlzFpFtrLamLmdq+DfctMc4v2wEEmWA09YYxTnEkOKq4PHC6E5A7m2gjIt7AYwW1FNGdjr0bKTCW7P4a44G3rByBudjjqH+5sZ7aJX6DXqoQC9RYfoBI3RBDHno7N2PjtfXOV+db+535tS19mseYm2wv3xB1bJ7aU=</latexit>

0 = 2x2
0 + 3x0x1 + x2

1 + 2x0 + 4x1 � 51

0 = x2
0 + 2x0x1 + 2x2

1 + 3x0 + 2x1 � 46

<latexit sha1_base64="d0kw49Fwa51CAbCW2f5cvL46aEk=">AAACY3icbZFdS8MwFIaz+l2/5vROhOBQBHG0tepuhIE3Xk5wU9hmSbMzF0w/SFLZGPuF/gJ/gHjtrd6YtlPY9ECah/ecNyFv/ZgzqSzrtWDMzS8sLi2vmKtr6xubxa1SU0aJoNCgEY/EvU8kcBZCQzHF4T4WQAKfw53/dJX2755BSBaFt2oYQycgjyHrMUqUlrwiWPjwEjsDz3pw8DE+1YAHnq1RfzMp7enNTdUTfGa322bm+b E4KeUW59d0mpuczOSee8WyVbGywn/BnkAZTaruFd/b3YgmAYSKciJly7Zi1RkRoRjlMDbbiYSY0CfyCCOpB/rQnRJbGkMSgOyMsozG+EArXdyLhF6hwpk6dQwJpBwGvp4MiOrL2V4q/tdrJapX7YxYGCcKQppf1Es4VhFOA8ddJoAqPtRAqGD6AZj2iSBU6d9i6mTs2Rz+QtOp2G7FvXHLteoko2W0i/bREbLRBaqha1RHDUTRC/pAn+ir8GasGiVjJx81ChPPNpoqY+8bp5atTw==</latexit>

Solve toy example:

Send to

Quantum Annealer

x0

<latexit sha1_base64="NpS8p3uqHD7Kv/t16O8arC8qdwM=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkp2GXBjcuK9gHtUDKZ2zY0kxmSjFiGLvwAt/oJ7sStn+IX+Bum7WzaeiBwOOckufcEieDauO6Ps7G5tb2zW9gr7h8cHh2XTk5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY/loJgn6ER1KPuCMGis9PPfdfqnsVtw5yDrxclKGHI1+6bcXxiyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrETNvACMMlsWuppBFqP5vPPyWXVgnJIFb2SEPm6tIzNNJ6EgU2GVEz0qveTPzP66ZmUPMzLpPUoGSLjwapICYmszJIyBUyIyaWUKa4XYCwEVWUGVtZ0TbjrfawTlrXFa9aqd5Xy/Va3lEBzuECrsCDG6jDHTSgCQyG8Apv8O68OB/Op/O1iG44+Z0zWILz/QccN5Z1</latexit>

x1

<latexit sha1_base64="8GWZRj5v13orXanoSGOdplNgELI=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkp2GXBjcuK9gHtUDKZ2zY0kxmSjFiGLvwAt/oJ7sStn+IX+Bum7WzaeiBwOOckufcEieDauO6Ps7G5tb2zW9gr7h8cHh2XTk5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY/loJgn6ER1KPuCMGis9PPe9fqnsVtw5yDrxclKGHI1+6bcXxiyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrETNvACMMlsWuppBFqP5vPPyWXVgnJIFb2SEPm6tIzNNJ6EgU2GVEz0qveTPzP66ZmUPMzLpPUoGSLjwapICYmszJIyBUyIyaWUKa4XYCwEVWUGVtZ0TbjrfawTlrXFa9aqd5Xy/Va3lEBzuECrsCDG6jDHTSgCQyG8Apv8O68OB/Op/O1iG44+Z0zWILz/Qcd0JZ2</latexit>

x2
0

<latexit sha1_base64="GzpgqQE5x066dJCmf+/l0ldmtsA=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Ii0hkSWJG5eYWCCBSqbTC0yYTpuZqZE0rPwAt/oJ7oxbv8Qv8DccoBvAk9zk5JxzZ3JPkHCmtOP8WIWt7Z3dveJ+6eDw6PikfHrWVnEqKXo05rHsBkQhZwI9zTTHbiKRRAHHTjC5nfudJ5SKxeJBTxP0IzISbMgo0UbyngfOY21QrjhVZwF7k7g5qUCO1qD82w9jmkYoNOVEqZ7rJNrPiNSMcpyV+qnChNAJGWGmTGCM4YrYM1SQCJWfLS6Y2VdGCe1hLM0IbS/UlWdIpNQ0CkwyInqs1r25+J/XS/Ww4WdMJKlGQZcfDVNu69ie12GHTCLVfGoIoZKZA2w6JpJQbUormWbc9R42SbtWdevV+n290mzkHRXhAi7hGly4gSbcQQs8oMDgFd7g3XqxPqxP62sZLVj5zjmswPr+A06+lxk=</latexit>

x0x1

<latexit sha1_base64="sjOsFzlpU3FVVVbdk7peMcmrGeQ=">AAACA3icbVDLSsNAFL3xWeur6tLNYBFclUQKdllw47KCfUAbwmRy0w6dPJiZSEvo0g9wq5/gTtz6IX6Bv+G0zaatBy4czjl3hnv8VHClbfvH2tre2d3bLx2UD4+OT04rZ+cdlWSSYZslIpE9nyoUPMa25lpgL5VII19g1x/fz/3uM0rFk/hJT1N0IzqMecgZ1UbqTjybTDzHq1Ttmr0A2SROQapQoOVVfgdBwrIIY80EVarv2Kl2cyo1ZwJn5UGmMKVsTIeYKxMYYbAi9g2NaYTKzRc3zMi1UQISJtJMrMlCXXmGRkpNI98kI6pHat2bi/95/UyHDTfncZppjNnyozATRCdkXggJuESmxdQQyiQ3BxA2opIybWorm2ac9R42See25tRr9cd6tdkoOirBJVzBDThwB014gBa0gcEYXuEN3q0X68P6tL6W0S2r2LmAFVjff48Il8U=</latexit>

x2
1

<latexit sha1_base64="sfb9nhXcTMBzRBjAmyR/B2RswYo=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Ii0hkSWJG5eYWCCBSqbTC0yYTpuZqZE0rPwAt/oJ7oxbv8Qv8DccoBvAk9zk5JxzZ3JPkHCmtOP8WIWt7Z3dveJ+6eDw6PikfHrWVnEqKXo05rHsBkQhZwI9zTTHbiKRRAHHTjC5nfudJ5SKxeJBTxP0IzISbMgo0UbyngfuY21QrjhVZwF7k7g5qUCO1qD82w9jmkYoNOVEqZ7rJNrPiNSMcpyV+qnChNAJGWGmTGCM4YrYM1SQCJWfLS6Y2VdGCe1hLM0IbS/UlWdIpNQ0CkwyInqs1r25+J/XS/Ww4WdMJKlGQZcfDVNu69ie12GHTCLVfGoIoZKZA2w6JpJQbUormWbc9R42SbtWdevV+n290mzkHRXhAi7hGly4gSbcQQs8oMDgFd7g3XqxPqxP62sZLVj5zjmswPr+A1BZlxo=</latexit>

Systems of Quadratic Equations
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<latexit sha1_base64="LPhBM78nS1O2EGpB9tDhSf2CSC8=">AAAC63iclZLdatswFMdl76Nd9pVul7sRCwsJAWOHwHpTaLub3i3dlrYQOUFW5ERUso10XBqMb7ZH2N3Y7R5qT7CrvcNkOxTSjsEOGP/9O0fnbx0pyqQw4Ps/Hffe/QcPd3YftR4/efrseXvvxZlJc834hKUy1RcRNVyKhE9AgOQXmeZURZKfR5fvqvz5FddGpMknWGc8VHSZiFgwChbN27+7J7OCAL8GrYrTyfH7siSkddDFRP IYpng8K3p+v8SDWgX9suY9whYpEEVhxagsjssBYUIzfEOOSpKCUNzckA9lsyYzgmixXEG/eXnWbtCtu3qVxfDfFv/lMBsOiCWm+Qxnw3m743t+HfiuCDaigzYxnrd/2QYsVzwBJqkx08DPICyoBsEkL1skNzyj7JIueWFswYovtuDUyoTavwyL+qxK/MaSBY5TbZ8EcE232lBlzFpFtrLamLmdq+DfctMc4v2wEEmWA09YYxTnEkOKq4PHC6E5A7m2gjIt7AYwW1FNGdjr0bKTCW7P4a44G3rByBudjjqH+5sZ7aJX6DXqoQC9RYfoBI3RBDHno7N2PjtfXOV+db+535tS19mseYm2wv3xB1bJ7aU=</latexit>

0 = 2x2
0 + 3x0x1 + x2

1 + 2x0 + 4x1 � 51

0 = x2
0 + 2x0x1 + 2x2

1 + 3x0 + 2x1 � 46

<latexit sha1_base64="d0kw49Fwa51CAbCW2f5cvL46aEk=">AAACY3icbZFdS8MwFIaz+l2/5vROhOBQBHG0tepuhIE3Xk5wU9hmSbMzF0w/SFLZGPuF/gJ/gHjtrd6YtlPY9ECah/ecNyFv/ZgzqSzrtWDMzS8sLi2vmKtr6xubxa1SU0aJoNCgEY/EvU8kcBZCQzHF4T4WQAKfw53/dJX2755BSBaFt2oYQycgjyHrMUqUlrwiWPjwEjsDz3pw8DE+1YAHnq1RfzMp7enNTdUTfGa322bm+b E4KeUW59d0mpuczOSee8WyVbGywn/BnkAZTaruFd/b3YgmAYSKciJly7Zi1RkRoRjlMDbbiYSY0CfyCCOpB/rQnRJbGkMSgOyMsozG+EArXdyLhF6hwpk6dQwJpBwGvp4MiOrL2V4q/tdrJapX7YxYGCcKQppf1Es4VhFOA8ddJoAqPtRAqGD6AZj2iSBU6d9i6mTs2Rz+QtOp2G7FvXHLteoko2W0i/bREbLRBaqha1RHDUTRC/pAn+ir8GasGiVjJx81ChPPNpoqY+8bp5atTw==</latexit>

Solve toy example:

Send to

Quantum Annealer

x0

<latexit sha1_base64="NpS8p3uqHD7Kv/t16O8arC8qdwM=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkp2GXBjcuK9gHtUDKZ2zY0kxmSjFiGLvwAt/oJ7sStn+IX+Bum7WzaeiBwOOckufcEieDauO6Ps7G5tb2zW9gr7h8cHh2XTk5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY/loJgn6ER1KPuCMGis9PPfdfqnsVtw5yDrxclKGHI1+6bcXxiyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrETNvACMMlsWuppBFqP5vPPyWXVgnJIFb2SEPm6tIzNNJ6EgU2GVEz0qveTPzP66ZmUPMzLpPUoGSLjwapICYmszJIyBUyIyaWUKa4XYCwEVWUGVtZ0TbjrfawTlrXFa9aqd5Xy/Va3lEBzuECrsCDG6jDHTSgCQyG8Apv8O68OB/Op/O1iG44+Z0zWILz/QccN5Z1</latexit>

x1

<latexit sha1_base64="8GWZRj5v13orXanoSGOdplNgELI=">AAAB/3icbVDLSgMxFL3js9ZX1aWbYBFclRkp2GXBjcuK9gHtUDKZ2zY0kxmSjFiGLvwAt/oJ7sStn+IX+Bum7WzaeiBwOOckufcEieDauO6Ps7G5tb2zW9gr7h8cHh2XTk5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY/loJgn6ER1KPuCMGis9PPe9fqnsVtw5yDrxclKGHI1+6bcXxiyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrETNvACMMlsWuppBFqP5vPPyWXVgnJIFb2SEPm6tIzNNJ6EgU2GVEz0qveTPzP66ZmUPMzLpPUoGSLjwapICYmszJIyBUyIyaWUKa4XYCwEVWUGVtZ0TbjrfawTlrXFa9aqd5Xy/Va3lEBzuECrsCDG6jDHTSgCQyG8Apv8O68OB/Op/O1iG44+Z0zWILz/Qcd0JZ2</latexit>

x2
0

<latexit sha1_base64="GzpgqQE5x066dJCmf+/l0ldmtsA=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Ii0hkSWJG5eYWCCBSqbTC0yYTpuZqZE0rPwAt/oJ7oxbv8Qv8DccoBvAk9zk5JxzZ3JPkHCmtOP8WIWt7Z3dveJ+6eDw6PikfHrWVnEqKXo05rHsBkQhZwI9zTTHbiKRRAHHTjC5nfudJ5SKxeJBTxP0IzISbMgo0UbyngfOY21QrjhVZwF7k7g5qUCO1qD82w9jmkYoNOVEqZ7rJNrPiNSMcpyV+qnChNAJGWGmTGCM4YrYM1SQCJWfLS6Y2VdGCe1hLM0IbS/UlWdIpNQ0CkwyInqs1r25+J/XS/Ww4WdMJKlGQZcfDVNu69ie12GHTCLVfGoIoZKZA2w6JpJQbUormWbc9R42SbtWdevV+n290mzkHRXhAi7hGly4gSbcQQs8oMDgFd7g3XqxPqxP62sZLVj5zjmswPr+A06+lxk=</latexit>

x0x1

<latexit sha1_base64="sjOsFzlpU3FVVVbdk7peMcmrGeQ=">AAACA3icbVDLSsNAFL3xWeur6tLNYBFclUQKdllw47KCfUAbwmRy0w6dPJiZSEvo0g9wq5/gTtz6IX6Bv+G0zaatBy4czjl3hnv8VHClbfvH2tre2d3bLx2UD4+OT04rZ+cdlWSSYZslIpE9nyoUPMa25lpgL5VII19g1x/fz/3uM0rFk/hJT1N0IzqMecgZ1UbqTjybTDzHq1Ttmr0A2SROQapQoOVVfgdBwrIIY80EVarv2Kl2cyo1ZwJn5UGmMKVsTIeYKxMYYbAi9g2NaYTKzRc3zMi1UQISJtJMrMlCXXmGRkpNI98kI6pHat2bi/95/UyHDTfncZppjNnyozATRCdkXggJuESmxdQQyiQ3BxA2opIybWorm2ac9R42See25tRr9cd6tdkoOirBJVzBDThwB014gBa0gcEYXuEN3q0X68P6tL6W0S2r2LmAFVjff48Il8U=</latexit>

x2
1

<latexit sha1_base64="sfb9nhXcTMBzRBjAmyR/B2RswYo=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Ii0hkSWJG5eYWCCBSqbTC0yYTpuZqZE0rPwAt/oJ7oxbv8Qv8DccoBvAk9zk5JxzZ3JPkHCmtOP8WIWt7Z3dveJ+6eDw6PikfHrWVnEqKXo05rHsBkQhZwI9zTTHbiKRRAHHTjC5nfudJ5SKxeJBTxP0IzISbMgo0UbyngfuY21QrjhVZwF7k7g5qUCO1qD82w9jmkYoNOVEqZ7rJNrPiNSMcpyV+qnChNAJGWGmTGCM4YrYM1SQCJWfLS6Y2VdGCe1hLM0IbS/UlWdIpNQ0CkwyInqs1r25+J/XS/Ww4WdMJKlGQZcfDVNu69ie12GHTCLVfGoIoZKZA2w6JpJQbUormWbc9R42SbtWdevV+n290mzkHRXhAi7hGly4gSbcQQs8oMDgFd7g3XqxPqxP62sZLVj5zjmswPr+A1BZlxo=</latexit>
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<latexit sha1_base64="OCdV+CrCj84K/lp/MKGwYykU/nI=">AAADU3icbVNNb9NAEF0nfBRDaQpHLisiqnKxbDcSvSBV4sKxSE1bKQ7Rej1OVl2vze4aiKz8Mn4HB46ckOAncGHtddokZiRr37x545kdzcYFZ0r7/g+n1793/8HDvUfu4yf7Tw8Gh88uVV5KCmOa81xex0QBZwLGmmkO14UEksUcruKbd3X86jNIxXJxoZcFTDMyFyxllGhDzQ6di6hQDL/FRxGHVB+7tTvzcfSpJAlunGDTCa 3T4BMcSTZfaC+KXJvuWVHlB6uPZENZ+eEtsZac7DJBRxN0NGHNuLbsa1PW9I1t49i3unW3G+ddk7jtcn2/3bOTfFfJIiJl/sXMKoY5E1WRES3Z11V4ZEYBIrklZoOh7/mN4S4IWjBErZ3PBr+iJKdlBkJTTpSaBH6hpxWRmlEOKzcqFRSE3pA5VMoIFpBskRMDBclATatmJ1b4lWESnObSfELjht36DcmUWmaxUZqmF2o3VpP/i01KnZ5OKyaKUoOgtlBacqxzXC8YTpgEqvnSAEIlMxfAdEEkodqsoWsmE+zOoQsuQy8YeaMPo+HZaTujPfQCvUTHKEBv0Bl6j87RGFHnm/PT+e386X3v/e2bV2KlPafNeY62rL//D00eCYU=</latexit>

Solution!

Systems of Quadratic Equations



Integer Linear Programming

After finishing that first paper, I realized that annealers were inefficient at dealing with 
real numbers but potentially quite good at dealing with integer numbers.

Classically optimizing on integer numbers in NP-hard.

Problem definition

Solve for argmax(cixi)

Subject to Aijxj  bi

xi � 0

xi 2 Zn

<latexit sha1_base64="bzVnyvU+fHUF7TuGioSQSmxLLyI="></latexit>

integer

linear



Integer Linear Programming

After finishing that first paper, I realized that annealers were inefficient at dealing with 
real numbers but potentially quite good at dealing with integer numbers.

Classically optimizing on integer numbers in NP-hard.

Problem definition

Solve for argmax(cixi)

Subject to Aijxj  bi

xi � 0

xi 2 Zn

<latexit sha1_base64="bzVnyvU+fHUF7TuGioSQSmxLLyI="></latexit>

Tackle problem with slack variable

Solve for argmax(cixi)

Subject to Aijxj + si = bi

si � 0

xi � 0

xi 2 Zn

<latexit sha1_base64="w3ES3UkVq4tZrCUVQkFpGk2dzrY="></latexit>



Integer Linear Programming

After finishing that first paper, I realized that annealers were inefficient at dealing with 
real numbers but potentially quite good at dealing with integer numbers.

Classically optimizing on integer numbers in NP-hard.

Problem definition

Solve for argmax(cixi)

Subject to Aijxj  bi

xi � 0

xi 2 Zn

<latexit sha1_base64="bzVnyvU+fHUF7TuGioSQSmxLLyI="></latexit>

Tackle problem with slack variable

Solve for argmax(cixi)

Subject to Aijxj + si = bi

si � 0

xi � 0

xi 2 Zn

<latexit sha1_base64="w3ES3UkVq4tZrCUVQkFpGk2dzrY="></latexit>

The possibility of mapping inequality constraints to annealing allows mapping of 
more general optimization problems



The Dominating Set Problem

What is a graph?
Defined by vertices (V) and edges (E)
G(V, E)



What is a graph?
Defined by vertices (V) and edges (E)
G(V, E)

Dominating Set
A set of vertices {v} in {V} such that 
{v} + nearest neighbors = {V}

Domination number = 5
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What is a graph?
Defined by vertices (V) and edges (E)
G(V, E)

Dominating Set
A set of vertices {v} in {V} such that 
{v} + nearest neighbors = {V}

Minimal Dominating Set
Set which can not be reduced by removing a 
vertex

Minimum Dominating Set
Set with smallest domination number

Domination number = 2

The Dominating Set Problem



Dominating Set as Integer Programming

Problem definition

Ni = number of nearest neighbors for Vi

<latexit sha1_base64="piP+Se456PpjqESrPCPNkmeQF8k="></latexit>

Solve for min

 
X

i2V

xi

!

Subject to xi +
X

j2Ni

xj � 1

xi 2 {0, 1}
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Dominating Set as Integer Programming

Problem definition

Map to slack variables

Ni = number of nearest neighbors for Vi
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Solve for min

 
X

i2V

xi

!

Subject to xi +
X

j2Ni

xj � 1

xi 2 {0, 1}

<latexit sha1_base64="x7i0GNaF9ily5t76ecnxRCDtgHU="></latexit>

Solve for min

 
X

i2V

xi

!

Subject to xi � si +
X

j2Ni

xj = 1

0  si  Ni

xi 2 {0, 1}
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Minimum Dominating Set of a 1D Graph

Study the simplest graph possible

For graph G(v):

Domination number is ceiling(v/3)

Degeneracy of ground state is
v%3 = 0 is 1
v%3 = 1 is 2*[floor(v/3)+1]
v%3 = 2 is floor(v/3) + 2

For a general graph, the MDS solution 
can only be obtained by searching 
every combination.



Minimum Dominating Set of a 1D Graph

Study the simplest graph possible

Results from DWave

Kind of like rolling a biased dice.

It is a biased in the correct way for 
any problem though!

Why…?



Possible explanations of poor scaling (1)

(These slides are taken directly from Nishimori’s RB19 talk)



Anderson Localization (2)

Anderson Hamiltonian (1958)

How do materials undergo phase transition from conductor to insulator?
The wavefunction is localized in space!



Anderson Localization (2)

Anderson Hamiltonian (1958)

How do materials undergo phase transition from conductor to insulator?
The wavefunction is localized in space!

Ĥ = W

X
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single fermion Hamiltonian

Jordan-Wiger transformation

Ĥ = W

X
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m · · ·
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very similar to spin-glass

W is the strength of disorder
epsilon is a random binomial draw



Anderson Localization (2)

Anderson Hamiltonian (1958)

How do materials undergo phase transition from conductor to insulator?
The wavefunction is localized in space!

Ĥ = W

X
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single fermion Hamiltonian

Jordan-Wiger transformation

Ĥ = W
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very similar to spin-glass

Anderson showed that the wavefunction of this type of Hamiltonian is localized 
(exponentially decays) in space
—> quantum analogy of non-ergodicity



Some improvements to annealing schedule
Non-stoquastic Hamiltonians
Stoquastic = Stochastic + quantum (Current annealers are this)
Non-stoquastic is basically a universal annealer (but it is not advertised this way)
Idea: Extra phase-space may allow larger gap to solve classical problems.

Inhomogeneous driving fields
Instead of evolving Hamiltonian uniformly, try locally evolving Hamiltonian.
Idea: Phase-transition is group behavior or spins are frozen due to Anderson 
localization.

Reverse annealing
Analogous to classically reheating then cooling down the system.
Idea: Anneal much faster than adiabatic limit, but do 
so repeatedly to hopefully converge to the ground-state.

Navigator Hamiltonians [Vanqver algorithm from 1QBit]

Idea: Parameterize all 3 ideas, and optimize navigator to
speed up the annealing process.

H(s) = A(s)H init +B(s)Hfin + C(s)Hnav.(✓)
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Result of inhomogeneous driving field

Study the simplest graph possible

I will show DWave results where we linearly delay qubits with 
larger magnitude of external magnetic field


An improvement will suggest maybe we are seeing physics!



Result of inhomogeneous driving field

Study the simplest graph possible

These are statistically significant differences



Result of inhomogeneous driving field

10% to 20% improvement



What if we do a negative linear offset?
That is, we delay the anneal opposite of what Anderson Localization suggests

These are statistically significant differences



What if we do a negative linear offset?



Solving a programmable spin-glass model
H

init =
X

i

�
x
i
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The purpose is to solve the final Hamiltonian

One can map ALL classical NP-hard optimization problems to this model 
(this is why it is interesting)


If we drop the transverse field…

• if J is a constant, we recover the n-dimensional Ising Model

• beyond 1-dimension we get (anti-)ferromagnetic phase transitions
• If J is random, we get the spin-glass model 

• If J and h is programmable, we have a computer

These systems are solvable with thermal (classical) phase transitions
OR

at zero temperature quantum phase transitions 
 

This is why quantum annealing is (and is not) a quantum computer

Can we solve this with classical methods? 



Hybrid Monte Carlo
This is on-going work with Tom Luu et al. 

In Lattice QCD we solve very large spin systems… maybe we can repurpose this 
technology to solve the spin-glass model?


The details are for another talk….



Hybrid Monte Carlo
We have code


It works


Next: dynamically change the external field for HMC to see if we can improve this.



Key take aways
We can solve all classical NP-hard optimization if we can efficiently solve the spin-
glass ground state.


We map a computer science problem to a physics problem.


We can hope to use understanding of physics to solve computational problems!

(physics help quantum computation)


We can hope to gain new insight from QC to help classical computing!

(quantum computing inspire progress in classical computing)


We can hope to use better classical computing to help physics now!

(the cycle of life and death continues…)



Key take aways
We can solve all classical NP-hard optimization if we can efficiently solve the spin-
glass ground state.


We map a computer science problem to a physics problem.


We can hope to use understanding of physics to solve computational problems!

(physics help quantum computation)


We can hope to gain new insight from QC to help classical computing!

(quantum computing inspire progress in classical computing)


We can hope to use better classical computing to help physics now!

(the cycle of life and death continues…)

I think this is very cool…



Collaborators

Arjun Gambhir (LQCD guy)

Travis Humble (Quantum Computing (ORNL))

Shigetoshi Sota (Condensed Matter (RIKEN))


Chris Koerber (Nuclear)

Chih-Chieh Chen (Condensed Matter (industry))

Jim Ostrowski (Industrial & Systems Engineer (UTennessee))


Thomas Luu (LQCD (Julich))

Johann Ostmeyer (Tom’s postdoc)


Roger Ruo-Qian Wang (Civil and Env. Engineer (Rutgers))


Naturally leads to a broad set of collaborators!


