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Annealing Schedule 
 

(Johnson et al. 2012) Scalable Qubit Architecture 
 (Johnson et al. 2010) 

 Qubit decoherence 
time ~ 20ns 

 Typical interqubit 
coupling ~ 2GHz 

 Actual RF-Squid compound Josephson Junction 

Γ h,K 





Resonant tunneling at Landau-Zeener transition 
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At low T LZ probability is unaffected by coherence. The physical reason 
for this is that the decoherence changes only the profile of the 
transition region while keeping the total transition probability the 
same. 
 
P. Ao and J. Rammer, Phys. Rev. B 43, 5397 (1991) 
Y. Kayanuma and H. Nakayama, Phys. Rev. B 57, 13099 (1998) 

 

Resonant tunneling 
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Unit cell has 2 columns 
and n rows 
 



 Strong coupling inside clusters  
 Weak coupling between clusters 

Each column corresponds to a spin n/2 

Effective coupling 
 between cells 
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Ground state wavefunction 
Is Gaussian centered at  
q1=q2=0 



Ground state wave-function is Gaussian centered at the point  

corresponds to Minimum of the potential 

q 

U(q,s) 

s 
Wave-package follows minimum of the potential 
as QA parameter s changing from 0 to 1 
 
In case of global bifurcation minima changing order and  
System just tunnel to succeed in QA 

tunneling amplitude 

     

S=0 

S=1 



Global minimum evolves smoothly without any bifurcations during QA 

• Small Bias  z-field h identical in all spins 
• Ferromagnetic  coupling J equal for  all spins 
• h << J  cost function has 2 closely spaced minima  
 
q1   and q2  corresponds to spins of left and right columns 
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Sy 

Sz 

Very close to 1 
during the  
whole evolution 

Avoidance of tunneling leads to purely classical  evolution 
 
 



• E. Farhi, J. Goldstone, and S. Gutmann, arXiv:quant-ph/0208135.  
• Yuya Seki, Hidetoshi Nishimori, arXiv:1203.2418 [quant-ph] 
• Victor Bapst, Guilhem Semerjian  arXiv:1203.6003 [cond-

mat.stat-mech] 
 



z-polarizations are  small 

System does not know about the inter-cell coupling  early in QA     when s<< 1 

Inter-cell coupling is next order in smallness compare to local fields 

h1 

h2 Ferromagnetic ground state 
Spins aligned in the same direction 



h1=-0.46          h2=1       J=1  

Classical solution is ferromagnetic 

Clusters begin to move in opposite directions 



Two-cluster problem : successive density plots   (q1,q2) 
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Ground state  

Ground state  
New ground 
state apears 

“Old” ground 
state 

Coexisting ground states 
With the same  energy  



Evolution of energies 
Of local minima and saddle points 

Evolution of “coordinates” 
of local minima 

Global bifurcation 

Evolution of energy differences from  
the initial minimum (black) 

ferromagnetic 
ground state 

Branch leading for 
anti-ferromagnetic  
excited  state 

ferromagnetic 
ground state 







(Lanting et al., PRB 83, 180502(R) (2011)) 

Ohmic 
Coefficient 

HF 



Ohmic shoulder 

(Lanting et al., PRB 83, 180502(R) (2011)) 

Noise 
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2011 
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N copies of 2-cluster system  

Probability of success in 2-claster problem 

Probability of success in N copies of the  problem 



Redfield 



Redfield 



Results to appear in: 
“Quantum Optimization of fully-connected Spin glasses” 

D. Venturelli, S. Mandra, S. Knysh, B. O’Gorman, V. Smelyankiy 

Parameter Setting 

Energy Landscape Before embedding 

Energy Landscape After embedding 

Presenter
Presentation Notes
Explain the SK model.Note that couplings don’t scale as sqrt(N) as in the normal model, so critical temperatures and fields scale as sqrt(N).Parameter setting means finding the optimal couplings to enforce logical qubits to act the same, and to choose among the edges which are available after embedding which one to activate.This procedure influences non-trivially the energy landscape of the classical problem to be solved, creating energy barriers between logical solutions, corresponding to artificial states where the logical qubits have conflicting states.



Systematic Rule Embedding (V. Choi) 
 Logical:  
        4n 
 Hardware 
        4n(n+1) 

Ferromagnetic couplings =1 

Inter-color  
couplings 

Intra-color  
couplings 

Presenter
Presentation Notes
The embedding of a fully connected graph on chimera is known since the very design of dwave (vicky choi)It starts embedding 4 fully connected logical qubits in a unit cell, coupling them in groups of 2.If you want to embed 8, you create other 4 fully-connected and then you use a third unit cell to couple them alltogether.You can repeat the procedure and you see immediately that for fully connect 4n bits you use 4n*(n+1) bits: quadratic overhead.One important thing is that increasing the ferromagnetic coupling defining the logical qubits actually does not increase the maximum energy of the machine, but it is a SCALING DOWN of the logical couplings, because the maximum energy is fixed at 3.2 Ghz
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Energy=ε+εkink 

Energy=ε 

-1 -1 

Error-Correction 

N=16 

Optimal scaling scales with N :  
Ferromagnetic criticality crossover of the chains 
VS finite-size criticality of the SKM 

Ferromagnetic transition  intrachain  
Β(τ) = A(t) 
 
 
 
 
Spin-Glass Transition SKM  
Β(τ)= 1.5 N1/2 A(t)/ JF 

Presenter
Presentation Notes
What is the optimal setting of this ferromagnetic coupling?If it is too large then the logical qubits are too rigid to flip, if it is too small then we can create defects in the chains very easily.If end up with defects we can error-correct them by doing majority voting and restoring logical solutions, and we are exploiting this opportunity.This graph shows the maximum of median groundstate probability for different N, the bands represent the difference between non-error-corrected and error-corrected.What we observe is that the maximum scakes as a power law with the system size close to sqrt(N).This can be explained imagining that we want the ferromagnetic phase transition of each logical qubit chain to happen more or less at the same critical field of the spin-glass transition, in order to not be too stiff to the appearance of hardness nor to be too loose and create a lot of uncorrectible defects.This condition implies a scaling of the ferromagnetic coupling as sqrt(N) which is similar to what we observe running random SK instances on d-wave.



Size of the SKM problem = (qubits)1/2 
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Probability to find the ground state after 1 annealing run (20µs):   PGS 
Probability to find the ground state after R repetitions:       PX = 1-(1-PGS)R 

Expected number of repetitions to solve with 99% prob:    R99 = log(0.01)/log(1-PGS) 

 Tested on 80 random 
instances, enough to sample 
difficulty distribution for 
median. 

 Ground state checked with 
exact enumeration method. 

 Computed median runtime 
to get 99% probability of 
success. 

 Errorbars obtained with 
resampling method to 
indicate uncertainties. 

 Averaging over 12 gauges, 
each instance run  500,000 
times. JF=2 

JF=2 
JF=3.25 

JF=3.5 
JF=4 

JF=5 
JF=5 

JF=6 

Presenter
Presentation Notes
This prescription allow us to find the scaling of performance for median runtime to get the solution with 99% probability.It is exponentially increasing overtime. The thin lines are at fixed Jferro: scaling is obtaines only if we scale Jf with system size.



 Simulated Annealing 
Algorithm: accept solution 
with Boltzmann Probability 

 Correlation and copula is rather high:  
we can use SA to estimate impact of noise 

Size of the SKM problem = (qubits)1/2 
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Presenter
Presentation Notes
We compared these results with simulated annealing.We can compute the optimal annealing schedule, while unfortunately for dwave we are stuck at a minimum of 20microseconds annealing time.Unsurprisingly SA has also an exponential scaling, which seems roughly comparable. What we can also check is that the correlation and the copula of dwave with SA and we see good correlation. This means that we can try to use SA to get an estimate on what is the effect of the noise on the dwave that handicaps the machine.



Size of the SKM problem = (qubits)1/2 
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= 0.035 = 0.05 

N>30 never matching GS 

Algorithmic Independent: 
Noise level switches the groundstate  
to excited state. 

JF  

DISCLAIMER:  
D-Wave has non-optimal annealing time, 
speedup can be artificial (Troyer et al.) 

WE ADD NOISE TO SIMULATED ANNEALING: masked speedup? 

JF  

Presenter
Presentation Notes
We add static noise to the logical hamiltonian using the parameters given by dwave (random gaussian noise on couplings and fields).Note that the noise scales with larger Jferro because the maximum energy is fixed and the logical couplings are scaled down, but the noise is not scaled…So for larger instances we have larger jferro and larger noise.The results show that the performance of SA is decreased significantly by noise! For example for N=30 the probability of success for the optimal JF is roughly believed to be half, and we can observe that it is quite unlikely that the real noisy groundstate has a spin configuration matching a real wanted grounstate of the ideal manifold (lower graph).For N>30 the noise for optimal Jferro will be such that the groundstate of the noisy hamiltonian will never be the groundstate of the real hamiltonian.So if the noise doesn’t decrease in the next machines we expect that we are no longer playing the game to finding the groundstate of the problem, but an excited states, and this will have implication for modeling, annealing strategies and benchmarks.



Mapped SKM into D-Wave: first benchmark on structured Spin-Glass 
problems 
 

 Optimized Embedding parameter settings: scaling of JF connected to 
criticality 
 

 Compared with Model of Noise in SA, scaling is masked 

Presenter
Presentation Notes
ADD YOUR CONCLUSIONS BEFORE MINE, THIS SHOULD SUMMARIZE EVERYTHING.



Runtime=2216 
sec 
Success rate 
99% 
bias = 0.49 

Runtime=50 sec 
Success rate 99% 
bias = 0.48 


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36

