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A decade+ since the D‐Wave 1: where does QA stand?
Numerous studies have attempted to demonstrate speedups using the D-Wave processors.
Some studies have succeeded in
demonstrating constant-factor
speedups in optimization against all
classical algorithms they tried, e.g.,
frustrated cluster-loop problems [1].

A scaling speedup against path-integral Monte
Carlo was claimed for quantum simulation of
geometrically frustrated magnets (scaling of
relaxation time in escape from topological
obstructions) [2].
Simulation is a
natural and
promising QA
application.
But QA was
originally proposed
as an optimization
heuristic.

No study so far has demonstrated an unequivocal scaling speedup in optimization.
[1] S. Mandrà, H. Katzgraber, Q. Sci. & Tech. 3, 04LT01 (2018)
[2] A. King et al., arXiv:1911.03446

What could be the reasons for the lack of scaling speedup?
• Perhaps QA is inherently a poor algorithm? More on this later.
• Control errors? Random errors in the final Hamiltonian (J-chaos)
have a strong detrimental effect.
• Such errors limit the size of QA devices that can be expected to
accurately solve optimization instances without error
correction/suppression [1,2].
• Decoherence? Single-qubit 𝑇 and 𝑇 ≪ anneal time. Often cited
as a major problem of QA relative to the gate-model.
• How important is this? Depends on weak vs strong coupling to the
environment [3]. More on this later as well.

[1] T. Albash, V. Martin‐Mayor, I. Hen, Q. Sci. & Tech. 4, 02LT03 (2019)
[2] A. Pearson, A. Mishra, I. Hen, D. Lidar, npjQI 5, 107 (2019)
[3] T. Albash, D. Lidar, Phys. Rev. A 91, 062320 (2015)

Improving the prospect of quantum enhancement via QA
Lack of scaling speedup via QA in optimization so far, justifies a
reevaluation of the prospects of a quantum enhancement using the
traditional QA approach.
Traditional =
- Original D-Wave’s qubit design [1]
- Adiabatic QA with “forward” annealing paths
Rest of this talk:
(1) An emphasis on coherence: The QEO approach.
(2) Critical evaluation of adiabatic vs diabatic QA. Also forward vs
reverse QA.

[1] R. Harris et al. PRB 81, 134510 (2010)

Part 1

An emphasis on coherence and control: The QEO/QAFS approach.

More coherent qubits for quantum annealing
The QEO Program and Team
• IARPA’s QEO (Quantum Enhanced Optimization) Program: June 2017 – Feb. 2020
• DARPA’s QAFS (Quantum Annealing Feasibility) Program: Feb. 2020 – Aug. 2021

Goal: Evaluate the prospects for quantum enhancement via high‐coherence/control QA
• Team: Performer, Gov’t Furnished Capability (GFC), Test & Evaluation (T&E)
• Performer “FluQS” team ∼ 100 researchers from 10 institutions:
USA: USC (lead), Berkeley, Caltech, Harvard, MIT, U New Mexico
International: Saarland, Tokyo Tech, UCL, U Waterloo
Companies: Northrop Grumman, Lockheed Martin

• GFC: MIT Lincoln Lab

T&E: NASA Ames

D‐Wave vs QEO flux qubits
Architecture

Persistent Current

‐

D‐Wave: Qubit physical layer not separated
from classical control layer

‐

D‐Wave: Qubits have relatively high persistent
current (∼ 2.5µA). But 𝑇 ∼ 1/𝐼 and 𝑇 ∼ 1/𝐼 [3].
𝑇 =17ns, 𝑇
16ns [4]

‐

QEO: Qubit physical layer separated from
classical control layer via 3D integrated,
shielded signal routing. Designed to isolate
qubits, hence increase coherence.

‐

QEO: capacitively shunted flux qubits* (CSFQs) have
lower persistent current (∼ 170 nA). Both 𝑇 , 𝑇 ∼
100x [2]
comparison of 𝑇 relaxation times for
annealing-capable qubits
Dorado 8 chip

‐

Time‐dep. control of every qubit and coupler bias
(like in gate‐model; but lower bandwidth) from
room temperature equipment
[2] S. Novikov, R. Hinkey, S. Disseler, J.I. Basham, T. Albash, A. Risinger, D. Ferguson, D. Lidar, K.M. Zick, arXiv:1809.04485
[2018 IEEE International Conference on Rebooting Computing (ICRC2018)]
[3] C. Quintana et al., PRL 118, 057702 (2017)
[4] I. Ozfidan et al., Phys. Rev. Applied 13, 034037 (2020)

(17ns)

QEO measured

times for single‐tier devices (no interposer)

Dorado 8 chip
qubit biased @ symmetric
double well (flux‐insensitive)
operating point
Φ ,Φ
0.67,0.25 Φ
𝑓
4.2GHz

Cygnus 4 chip @ saddle
(double flux‐insensitive)
operating point
Φ ,Φ
0.50,0.25 Φ
𝑓
8.8GHz

Best Value
Ramsey sequence:
𝑑𝑒𝑙𝑎𝑦
Hahn echo sequence:
𝑑𝑒𝑙𝑎𝑦 𝜋 𝑑𝑒𝑙𝑎𝑦

𝑇
𝑇

∗

Average

6.5 𝜇𝑠
12.1 𝜇𝑠

𝑇
𝑇

∗

4.4 𝜇𝑠
4.5 𝜇𝑠

1 𝜇𝑠 for
𝑇
annealing‐
capable CSFQs

Double‐tier device “Eridanus” (two different chips bump‐bonded together, with interposer):
𝑇 and 𝑇 essentially unchanged
S. Novikov, R. Hinkey, S. Disseler, J.I. Basham, T. Albash, A. Risinger, D. Ferguson, D. Lidar, K.M. Zick, arXiv:1809.04485
[2018 IEEE International Conference on Rebooting Computing (ICRC2018)]

QAFS’s 25‐qubit “Hydra” chip
QEO/QAFS team has designed, fabricated, and ready to test
the world’s first 3‐Tier, high‐coherence 25q quantum annealer
• Hydra Testbed Processors
• 25 high-coherence qubits, 40 couplers
• Individual high-bandwidth control of every circuit
element, enabling advanced annealing protocols
• State of the art readout using 25 QFPs and tunable
resonators
25-qubit “Hydra” chip

• Designed in two different architectures
• Ripe for a variety of basic science experiments
• On the cusp of hard-to-simulate classically
• Paves the path towards larger (~100q) chips
• Calibration still in progress, but chips should be ready
in time for handoff to DARPA-RQMLS program by Aug.

square-grid
Kagome lattice

Part 2

Critical evaluation of adiabatic vs diabatic QA

Elizabeth Crosson & DL, Nature Reviews Physics (2021)

Closed‐system definitions of AQC & QA
“The standard model”
AQC: Universal.
Starting from an easy‐to‐prepare ground state, find via
adiabatic evolution, the final ground state of a general 𝐻 𝑡
QA: Optimization.
Starting from the ground state of 𝐻
the optimization problem defined by

∑ 𝑋 , solve

via adiabatic ground state evolution using the stoquastic Hamiltonian

[Stoquastic: all off‐diagonal elements non‐positive in standard basis]

Note: The possibility of efficient classical simulation of stoquastic QA in the closed system
case depends strongly on the assumption that the system remains at all times in the ground
state of 𝐻 𝑡 (separated by gap Δ 0 from the first excited state)
E. Crosson & D. Lidar, Nature Reviews Physics (2021)

Closed‐system definitions of DQC & DQA
Relax adiabatic  diabatic
DQC (universal) and DQA (optimization):
computational models in which
the system at all times remains in a low energy subspace 𝐶 of 𝐻 𝑡 of width 𝛿
and dimension 𝑑 1
…

transitions
allowed

𝐶

transitions
suppressed

𝐶
time

Remarks:
‐ Initial or final state need not be the ground state
- 𝑑 𝑂 1 subspace is the key distinction from the gate‐model, for which 𝑑
‐ Adiabatic theorem applies without modification in this setting
E. Crosson & D. Lidar, Nature Reviews Physics (2021)

2

Let’s add a bath: 4 types of coherence
• Coherent: unitary evolution of a closed quantum system. Full power of universal quantum
computing unleashed.
• Weakly Decoherent: no coherence between eigenstates of 𝐻 𝑡 . “Weak Coupling Limit”
(WCL). Energy eigenstates remain coherent superpositions of computational basis states
over a timescale longer than 𝑇. Quantum advantage possible by remaining in the ground
state.
• Strongly‐Decoherent: Energy eigenstates don’t remain coherent superpositions of
computational basis states over a timescale longer than 𝑇. “Singular Coupling Limit”
(SCL). No hope of a quantum advantage. Won’t consider any further.
DQA‐motivated definition:
• 𝓒‐Coherent: Coherent superpositions of eigenstates of 𝐻 𝑡 are maintained inside a low‐
energy subspace 𝒞 over a timescale longer than 𝑇, but superpositions with energy
eigenstates outside of 𝒞 may decohere. Quantum advantage possible by remaining in 𝒞.

E. Crosson & D. Lidar, Nature Reviews Physics (2021)

4 types of coherence + (a)diabatic + forward/reverse
• Coherent: unitary evolution of a closed quantum system. Full power of universal quantum
computing unleashed.
• Weakly Decoherent: no coherence between eigenstates of 𝐻 𝑡 . “Weak Coupling Limit”
(WCL). Energy eigenstates remain coherent superpositions of computational basis states
over a timescale longer than 𝑇. Quantum advantage possible by remaining in the ground
state.
• Strongly‐Decoherent: Energy eigenstates don’t remain coherent superpositions of
computational basis states over a timescale longer than 𝑇. “Singular Coupling Limit”
(SCL). No hope of a quantum advantage. Won’t consider any further.
DQA‐motivated definition:
• 𝓒‐Coherent: Coherent superpositions of eigenstates of 𝐻 𝑡 are maintained inside a low‐
energy subspace 𝒞 over a timescale longer than 𝑇, but superpositions with energy
eigenstates outside of 𝒞 may decohere. Quantum advantage possible by remaining in 𝒞.
• Combine with the adiabatic/diabatic dichotomy
• Combine with the forward/reverse annealing  time only for reverse annealing (more
promising)
E. Crosson & D. Lidar, Nature Reviews Physics (2021)

4 stoquastic reverse annealing cases
Reverse Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression [1,2,3]

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

[1] M. Marvian, D. Lidar, PRL 118, 030504 (2017)
[2] Z. Jiang, E. Rieffel, QIP 16, 89 (2017)
[3] M. Marvian, S. Lloyd, arXiv:1911.01354

Reverse Diabatic

4 stoquastic reverse annealing cases
Reverse annealing:
A family of protocols that start from
the ground or excited state of a
diagonal Hamiltonian, anneal to an
off‐diagonal Hamiltonian, and end
with a diagonal Hamiltonian.
Examples:

Reverse Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression [1,2,3]

a) adiabatic reverse annealing (ARA)
𝐻 𝑠
1 𝑠 𝐻
𝑠𝐻
𝑠 1 𝑠 𝐻
;
𝑠: 0 ↦ 1
initialize in ground state of 𝐻

E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

[1] M. Marvian, D. Lidar, PRL 118, 030504 (2017)
[2] Z. Jiang, E. Rieffel, QIP 16, 89 (2017)
[3] M. Marvian, S. Lloyd, arXiv:1911.01354

Reverse Diabatic

4 stoquastic reverse annealing cases
Reverse annealing:
A family of protocols that start from
the ground or excited state of a
diagonal Hamiltonian, anneal to an
off‐diagonal Hamiltonian, and end
with a diagonal Hamiltonian.
Examples:

Reverse Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

a) adiabatic reverse annealing (ARA)
𝐻 𝑠
1 𝑠 𝐻
𝑠𝐻
𝑠 1 𝑠 𝐻
;
𝑠: 0 ↦ 1
initialize in ground state of 𝐻
b) iterated reverse annealing (IRA)
1. 𝐴𝐻
𝐵𝐻 ↤ 𝐻
2. pause (optional)
𝑖=1,2,…
𝐵𝐻 ↦ 𝐻
3. 𝐴𝐻
initialize in ground or excited state of
𝐻 ; implementable on D‐Wave
E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

Reverse Diabatic

4 stoquastic reverse annealing cases
The “glued trees” problem

Reverse Adiabatic

adjacency matrix of glued trees graph
𝑛

Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

Reverse Diabatic
Exponential quantum
speedup in an oracular*
setting.
Promising

*Oracle

only reveals local
structure of the graph
Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

𝒞

subspace spanned by two
lowest energy eigenstates

E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

[1] R. Somma, D. Nagaj, M. Kieferova, PRL 109, 050501 (2012)

4 stoquastic reverse annealing cases
The “glued trees” problem
at finite temperature 1/𝛽

Reverse Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

Thermal Gibbs state arbitrarily close to final
ground state for temp. ∝ 𝑛

subspace spanned by two
lowest energy eigenstates

E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

Exponential quantum
speedup in an oracular*
setting.
Promising

*Oracle

only reveals local
structure of the graph
Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

𝒞

Reverse Diabatic

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.

4 stoquastic reverse annealing cases
The “glued trees” problem
at finite temperature 1/𝛽

Reverse Adiabatic

Reverse Diabatic

Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

Exponential quantum
speedup in an oracular
setting.

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.

Promising

Thermal Gibbs state arbitrarily close to final
ground state for temp. ∝ 𝑛

Simulating full open system
dynamics is classically
intractable.
Promising

𝒞

subspace spanned by two
lowest energy eigenstates

E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

4 stoquastic reverse annealing cases
Reverse Adiabatic

[1] “Large cycle detection”
adjacency matrix of problem graph

Computational problem:
determine a global property of
the graph – is a large cycle
present?

Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

Superpolynomial [1] and sub‐
exponential [2]* quantum‐
classical separation in an
oracular** setting.

Reverse Diabatic
Exponential quantum
speedup in an oracular
setting.
Promising

* Also

works in forward case
only reveals local
structure of the graph
** Oracle

Classical: at least 𝑛
oracle queries
Adiabatic quantum: poly 𝑛

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

Simulating full open system
dynamics is classically
intractable.

Caveat:
Requires many‐body
interactions, as do Grover and
glued trees. Hence not suitable
for QA with local Hamiltonians.
E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.

Promising

[1] M. Hastings, arXiv:2005.03791
[2] A. Gilyen and U. Vazirani, arXiv:2011.09495

4 stoquastic reverse annealing cases
𝑝‐spin model with adiabatic RA
𝐻 𝑡
1 𝑠 𝑡 1
Γ 1 𝑠 𝑡 𝜆 𝑡 𝐻
𝐻

𝑛

1
𝑛

𝜆 𝑡 𝐻
𝑠 𝑡 𝐻

𝜎

𝐻

𝜖𝜎

ground state: |0 ⟩

𝜖

1 at random
𝑐

Pr 𝜖

1

𝑝=3

Reverse Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

Reverse Diabatic

Superpolynomial quantum‐
classical separation in an
oracular setting.

Exponential quantum
speedup in an oracular
setting.

Numerical examples of
exponential speedup relative
to forward adiabatic [1].

Promising

Promising

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

forward QA path
1st order quantum
phase transitions

Caveat:
Requires
good initial
guess 𝑐

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.
Simulating full open system
dynamics is classically
intractable.
Promising

exp 𝑛
poly 𝑛

𝑛
E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

[1] Y. Yamashiro, M. Ohkuwa, H. Nishimori, D. Lidar, PRA 100, 052321 (2019)

4 stoquastic reverse annealing cases
𝑝‐spin model with once‐iterated RA & pause
𝐻 𝑡

𝐴𝑠 𝑡 𝐻

𝐻

1
𝑛
𝑛
𝑝=3

Reverse Adiabatic

𝐵𝑠 𝑡 𝐻

𝜎

ground state: |0 ⟩
magnetization 𝑚
excited states: 𝑚
initial magnetization

min‐gap point:

1
1

Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

𝑇 = 100 ns

Reverse Diabatic

Superpolynomial quantum‐
classical separation in an
oracular setting.

Exponential quantum
speedup in an oracular
setting.

Numerical examples of
exponential speedup relative
to forward adiabatic.

Promising

Promising
𝑠

closed (unitary)

initial magnetization

𝑇 = 100 ns

open (adiabatic
master equation)

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

‐ Numerical improvement
over closed system using IRA
in 𝑝‐spin model [1].
Relaxation helps.

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.
Simulating full open system
dynamics is classically
intractable.
Promising

E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

[1] G. Passarelli, K. Yip, D. Lidar, H. Nishimori, P. Lucignano, PRA 101, 022331 (2020)

4 stoquastic reverse annealing cases
Reverse Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

Reverse Diabatic

Superpolynomial quantum‐
classical separation in an
oracular setting.

Exponential quantum
speedup in an oracular
setting.

Numerical examples of
exponential speedup relative
to forward adiabatic.

Promising

Promising

Reverse annealing with pause at 𝑠
(solid lines), for four different initial
configurations (ground, first excited,
two highly excited) for a 12‐qubit
small‐gap problem. Starting from the
ground state helps RA reach a lower
energy than forward annealing [2].
E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

‐ Numerical improvement
over closed system using IRA
in 𝑝‐spin model [1].
Relaxation helps.
‐ Improvement over forward
QA with inclusion of pause in
DW2000Q experiments [2].
Relaxation helps.

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.
Simulating full open system
dynamics is classically
intractable.
Promising

[1] G. Passarelli, K. Yip, D. Lidar, H. Nishimori, P. Lucignano, PRA 101, 022331 (2020)
[2] J. Marshall, D. Venturelli, I. Hen, E. Rieffel, PRApplied 11, 044083 (2019)

4 stoquastic reverse annealing cases
Reverse Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

Reverse Diabatic

Superpolynomial quantum‐
classical separation in an
oracular setting.

Exponential quantum
speedup in an oracular
setting.

Numerical examples of
exponential speedup relative
to forward adiabatic.

Promising

Promising

Reverse annealing with pause at 𝑠
(solid lines), for four different initial
configurations (ground, first excited,
two highly excited) for a 12‐qubit
small‐gap problem. Starting from the
ground state helps RA reach a lower
energy than forward annealing [2].
E. Crosson & D. Lidar, Nature Reviews
Physics (2021)

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence in
the energy eigenbasis)

‐ Numerical improvement
over closed system using IRA
in 𝑝‐spin model [1].
Relaxation helps.
‐ Improvement over forward
QA with inclusion of pause in
DW2000Q experiments [2].
Relaxation helps.
‐ But, remains generally
efficiently simulable by QMC.

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.
Simulating full open system
dynamics is classically
intractable.
Promising

Worth further exploration

[1] G. Passarelli, K. Yip, D. Lidar, H. Nishimori, P. Lucignano, PRA 101, 022331 (2020)
[2] J. Marshall, D. Venturelli, I. Hen, E. Rieffel, PRApplied 11, 044083 (2019)

The promise of stoquastic quantum annealing
Forward Adiabatic
Coherent or
𝓒‐coherent
(unitary, closed
system dynamics in a
low‐energy subspace
𝒞); enabled by
quantum error
suppression

‐ Exponential quantum
speedup in an oracular
setting.
‐ Provable polynomial
speedup: Grover’s
algorithm.
‐ Generally efficiently
simulable by QMC
(counterexamples are
known).

Forward Diabatic
‐ Enables universality.
‐ No known efficient
classical simulation
methods.
‐ Numerical examples
of speedup over
adiabatic‐coherent
case.
‐ Optimal QAOA is a
“bang‐anneal‐bang”
(DQA‐like) protocol.

Promising

Reverse Adiabatic
Superpolynomial
quantum‐classical
separation in an oracular
setting.

Reverse Diabatic
Exponential quantum
speedup in an oracular
setting.
Promising

Numerical examples of
exponential speedup
relative to forward
adiabatic.

Promising
Promising

Weakly‐Decoherent
(open system in the
weak‐coupling limit
sense: decoherence
in the energy
eigenbasis)

‐ State remains close to
instantaneous thermal
(Gibbs) state.
‐ No known examples of
scaling speedups.
‐ Also generally efficiently
simulable by QMC
Questionable promise

Thanks for your attention!

‐ The original D‐Wave
setting.
‐ Experiments
correlate well with
QMC and Spin Vector
Monte Carlo (SVMC).
‐ QMC is efficient or
scales better even with
thousands of qubits,
but control noise could
be playing major role
‐ No known examples
of scaling speedups.
Questionable promise

‐ Numerical improvement
over closed system using
IRA in 𝑝‐spin model [1].
Relaxation helps.
‐ Improvement over
forward QA with inclusion
of pause in DW2000Q
experiments [2].
Relaxation helps.
‐ But, remains generally
efficiently simulable by
QMC.
Worth further exploration

E. Crosson & D. Lidar, Nature Reviews Physics (2021)

Exponential quantum
speedup in an oracular
setting at sufficiently low
temperatures.
Simulating full open system
dynamics is classically
intractable.
Promising

