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1 Chimera Cell: - 8 Spins

- 16 Input Couplers set to 0.025
- 0 Input Magnetic Fields
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have probability distribution:

𝜇 𝜎 ∝ exp 

𝑖

ℎ𝑖𝜎𝑖 +

𝑖𝑗

𝐽𝑖𝑗𝜎𝑖𝜎𝑗

1st Order 2nd Order

Single Spin Term Pair Interactions

Question: What is the structure spanned by pair interactions?



The Structure of the Two-Body Interactions
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4 Chimera Cells: - 32 Spins



Pair Interactions: Results on 4 Chimera Cells
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4 Chimera Cells: - 32 Spins

- 80 Input Couplers set to 0.025
- 0 Input Magnetic Fields



The Structure of Pair-Interactions
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𝐽+

𝐽−

Negative Pair Interactions

Positive Pair Interactions

3𝜎

3𝜎



The Structure of Pair-Interactions
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𝐽+

𝐽−

Negative Pair Interactions

Positive Pair Interactions

Reconstructed Structure



The Structure of Pair-Interactions
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𝐽+

𝐽−

Negative Pair Interactions

Positive Pair Interactions

Most Significant Interactions ≡ D-Wave Couplers



The Structure of Pair-Interactions
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𝐽+

𝐽−

Negative Pair Interactions

Positive Pair Interactions

Weak Spurious Interactions between Spins



Spurious Interactions & Echo of the Chip Architecture
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Reference & figure credit: [Bunyk et al., IEEE Trans. Appl. Supercond. (2014)]

Chimera Cell Controller Reconstructed Cell

Coupler Qubit



Spurious Interactions & Echo of the Chip Architecture
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Reference & figure credit: [Bunyk et al., IEEE Trans. Appl. Supercond. (2014)]

Coupler Qubit

Reconstructed CellPower Lines for Controllers



Spurious Interactions & Echo of the Chip Architecture

1/26/2018 |   63Los Alamos National Laboratory

Hypothesis: Spurious Interactions Reflects Shared Control Lines 

Reference & figure credit: [Bunyk et al., IEEE Trans. Appl. Supercond. (2014)]

Coupler Qubit

Reconstructed Cell



Coupling Input-Output Response
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What is the Input-Output Response?
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Output

𝐽𝑖𝑛Couplings

Fields ℎ𝑖𝑛

AnnealingInput

𝐽𝑜𝑢𝑡Couplings

Fields ℎ𝑜𝑢𝑡

Inverse 
Ising
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Output

𝐽𝑖𝑛Couplings

Fields ℎ𝑖𝑛

AnnealingInput

𝐽𝑜𝑢𝑡Couplings

Fields ℎ𝑜𝑢𝑡

Inverse 
Ising

ℎ𝑜𝑢𝑡 = 𝛽𝑒𝑓𝑓ℎ𝑖𝑛

Benedetti et al. Phys. Rev. A, (2016)

Raymond et al. Front. In ICT, (2017)

Marshall et al. arXiv, (2017)

𝐽𝑜𝑢𝑡 = 𝛽𝑒𝑓𝑓𝐽𝑖𝑛

Single Scaling (temperature) response:



What is the Input-Output Response?
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ℎ𝑜𝑢𝑡
𝐽𝑜𝑢𝑡

=
𝛽ℎℎ 𝛽ℎ𝐽
𝛽𝐽ℎ 𝛽𝐽𝐽

ℎ𝑖𝑛
𝐽𝑖𝑛

+ 
𝑐ℎ
𝑐𝐽

Output

𝐽𝑖𝑛Couplings

Fields ℎ𝑖𝑛

AnnealingInput

𝐽𝑜𝑢𝑡Couplings

Fields ℎ𝑜𝑢𝑡

Inverse 
Ising

ℎ𝑜𝑢𝑡 = 𝛽𝑒𝑓𝑓ℎ𝑖𝑛

Benedetti et al. Phys. Rev. A, (2016)

Raymond et al. Front. In ICT, (2017)

Marshall et al. arXiv, (2017)

𝐽𝑜𝑢𝑡 = 𝛽𝑒𝑓𝑓𝐽𝑖𝑛

Single Scaling (temperature) response: General Linear response:

Testing effective temperature hypothesis



Input-Output Response: Results on 1 Chimera Cells
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- 16 Input Couplers at 0.025
- 8 Input Fields at 0.0



Input-Output Response: Results on 1 Chimera Cells
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- 16 Input Couplers at 0.025
- 8 Input Fields at 0.0

- 16 Output Chimera Couplings
- 8 Output Spurious Couplings
- 8 Output Fields



Input-Output Response Matrix
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𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠
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𝛽𝐽𝐽 & 𝛽ℎℎ

Diagonal Input-Output Response𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠
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Diagonal Input-Output Response

Different Scaling

No single effective temperature

𝛽𝐽𝐽 & 𝛽ℎℎ

𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠



Input-Output Response Matrix
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𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠

𝐽𝑖𝑛

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠

Spurious couplings response 
from input couplers
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𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠

Spurious couplings only respond
to neighboring input couplers

𝐽𝑖𝑛

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠



Input-Output Response Matrix
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𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠

𝐽𝑖𝑛

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠

Spurious couplings only respond
to neighboring input couplers
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𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠

Input couplers induces response 
on neighboring spurious links

𝐽𝑖𝑛

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠
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𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

𝐽𝑜𝑢𝑡
𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠

𝐽𝑖𝑛ℎ𝑖𝑛

ℎ𝑜𝑢𝑡

𝐽𝑜𝑢𝑡
𝑐ℎ𝑖𝑚𝑒𝑟𝑎

Best response matrix ignoring
spurious links
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Summary
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✓ D-Wave samples are well described by pairwise Ising Models

✓ Multi-body interactions exists but are small

✓ Pairwise structure is approximately chimera but with spurious interactions

✓ Output-Input response is mainly diagonal

✓ No Single effective temperature



Path forward
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• Deeper study of deviations from pairwise Ising models                 Enhance chip architecture

• Use Input-Output response for calibration                 Enhance optimization/sampling
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