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Alternative to the gate-based
quantum computing
Utilizes the natural tendency of
(quantum)systems to relax in
to the state of least energy
Requires less control over
qubits:
→ restricted to optimization
problems and sampling
→ the number of qubits is
easier to scale up

Credit:NASA/Clinton Hussy
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In metallurgy, annealing is a
heat-treatment that increases
ductility and reduces hardness.
It involves two steps:
A piece of metal is heated
above its recrystallization
temperature which causes its
atoms to dislocate, move
around and relieve defects
The metal is allowed to cool
down slowly so that its atoms
are likely to settle in the optimal
crystal-lattice with minimal
tension

Credit: Medium.com

Simulated annealing
The slowly decreasing
temperature of the annealing
adapted to probabilistic
optimization
algorithms→simulated
annealing

●

The ‘temperature’ is now a
factor affecting the
probability of accepting
‘worse solutions’ as steps
towards the optimal solution

●

4

Credit: Wikipedia.com

Finding the highest peak with simulated annealing:
When ‘temperature’ is high, many far away solutions are
considered. As the ‘temperature’ decreases the
algorithm only considers nearby values before settling
for a solution when T=0.

Quantum fluctuations
Cost (energy)

Substitute the
‘temperature’
fluctuations by
quantum fluctuations

●

Simulating quantum
fluctuations requires
simulating a quantum
system which is
computationally really
expensive
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●
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Solution: build quantum
system to utilize
quantum fluctuations in
annealing

Thermal fluctuation

Quantum
fluctuation
‘tunneling’
Configuration (state)
Thermal vs quantum fluctuations: in simulated
annealing, the transition probability depends on the
height of the energy barrier. Quantum fluctuations can
cause transitions through energy barriers that are too
high for thermal fluctuations, if they are thin enough.

Quantum annealer

D-Wave’s 2048 Qubit quantum annealer

Quantun Processing Unit (QPU)
Lattice of qubits in the QPU

The quantum annealers produced by D-Wave systems (est. 1999)
run the annealing algorithm ‘physically’ on a lattice of qubits

●

The quantum processing unit has to be isolated in 15 milli-Kelvin in
high vacuum and shielded from vibrations and electromagnetic
fields to utilize the quantum properties

●
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Qubits

Bit value ‘1’

Bit value ‘0’

Each qubit is a small superconducting loop.
- Current running clockwise induces downward magnetic field: 0 bit
- Counter-clockwise current induces upward magnetic field: 1 bit

●

Transverse external magnetic field causes fluctuations between the
bit states 0 and 1 of a qubit and creates a superposition state

●

●
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On the scale of the whole qubit lattice, this magnetic field is the
‘temperature’ parameter defining the annealing process

Optimization with qubits
To solve a problem by quantum annealing, it has to be
translated to a QUBO (Quadratic Unconstrained Binary
Optimization) problem

●

In other words, given ‘biases’
and ‘couplings’
, what
are the qubit values that give the minimum value for the
function:

●

The user gives the set of constraints
and
that
represent the problem he/she wants to solve and the
annealer outputs a binary sequence that encodes the
optimal solution

●
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Annealing protocol
●

●

●

The qubit lattice is
initialized to a superposition
of all possible states by a
large transverse magnetic
field B
B is reduced and the qubit
biases and couplings, that
represent the constraints of
an optimization problem,
are introduced
At B=0, the qubit lattice has
relaxed to a state that
satisfies the constraints in
an optimal way
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Energy
B=0.5
B=0.8
B=1
B=0.2
B=0

State (qubit configuration)

Real world applications
The D-Wave has sold quantum annealers to Lockheed
Martin, Google and NASA and Los Alamos National
Laboratory

●

More institutions and companies buy processing time online

●

Applications mostly in: optimization, machine learning and
material simulation

●

●
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Examples from the latest D-Wave users conference:
- Flight gate assignment, DLR
- Behaviour of proteins, Peptone
- Route optimization for
- Allocating trailway traffic, Data Reply and FSI
transport, Denso
- Classification of cancer data, WuXi
NextCODE Genomics
- Robotic movement in
- Quantum chemistry, OTI lumionics
manufacturing, BMW
- Asset sustainment, GE researchs

Traffic optimization
Volkswagen tried
optimazing flow of
418 taxies on a
route from Peking
centre to the
airport

●

Objective to
minimize the
drive-time of each
car by minimizing
total congestion

●
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CSC’s joint project
Joint research project by CSC, Boston University, Aalto
University and Åbo Akademi

●

- How does physics of the qubit lattice of the D-Wave’s QPU
differ from the Ising spin lattice model?
D-Wave qubit lattice

Ising spin lattice

How to map?

Credit: Stanford University
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Credit: D-Wave

Embedding a problem
Sample of the Ising lattice
to be modelled (top row)

●

●
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Embedding on the qubit lattice

The limited connectivity of
qubits in the QPU requires
some tricks to be applied
when mapping a problem to
a quantum annealer
(improvements coming in
the new model in 2020)
Usually multiple qubits are
‘chained together’ to form a
single object of the mapped
problem
Here two qubits are
identified as a single Ising
spin

Identified qubits (strong coupling)
Active intra-cell coupling
Inactive coupling
Active inter-cell coupling

No qubit biases ‘a’ in this problem, only
couplers ‘b’

Probing the QPU properties
●

●

●
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We embed different sizes of
Ising lattices on the qubit
lattice and set the couplings
to model a ferromagnet
Annealing brings the
system from paramagnetic
(disordered) state to a
ferromagnetic state
What is the effect of lattice
size, annealing time and
intrinsic errors to the
outcome of the annealing?

Main points
●

●

●
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Quantum annealers solve optimization problems by translating
them into a specific quantum hardware that runs an annealing
process
Though quantum annealers are in theory not as powerful as
universal quantum computers can be, they are currently leading
the ‘race’ in terms of performance and customers
Companies are solving their optimization and scheduling problems
with D-Wave’s annealer for proof-of-concept. The current size of
the QPU (2048 qubits) limits the performance. 5000+ qubits
promised in 2020

Thank you!

facebook.com/CSCf

Questions?
twitter.com/CSCf

youtube.com/CSCf

linkedin.com/company/csc---it-center-for-science

github.com/CSCf
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