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Data storage on paper tape? 
 
 
RAM from coil-wound solenoids? 
 
 
Programmed in Assembly language? 
 
A 2000+ qubit machine? 

Who has done computations … 
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Disruptive to computing 

Been doing computational physics since  
PhD in Physics from Stanford University in 1978 

In 35+ years, two disruptive computing innovations:    

Quantum Computing 

 “Perhaps the quantum computer will 
change our everyday lives in this century 
in the same radical way as the classical 
computer did in the last century.” 
 

Nobel press release (Oct. 2012) 
 

David J. Wineland 
Serge Haroche 

D-Wave 2000Q 

2000+ qubits 
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Quantum 
AQC 

machines: 
Not ideal 
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AQC 
You give AQC: 

 bias hj on each qubit 
 coupling Jij between qubit pairs 

You get (hopefully) 
 Ground state Ising spin configuration 

Oracle 

AQC Guarantees: 
         You will not always get the correct answer 
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Ø Just do it! 
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Ø Improve it! 
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Test D-Wave 
Give problems you know: 
       Spanning trees 
              (from ensemble of all spanning trees) 

Oracle 

         E0=(N-1) |J| 



Test D-Wave 
Answer Checking 

Give problems with symmetry Good 
Oracle? 

•  Define	the	mirror	axis.	
•  Mirror	the	missing	qubits	and	

couplers	onto	both	sides.	
•  Embed	the	desired	problem	onto	

one	side	of	the	mirror.	
•  Embed	the	mirror	image	of	the	

problem	onto	the	other	side.	
•  Connect	a		selected	set	of	qubits	

with	their	corresponding	mirror	
qubits	via	strong	ferro-/
an:ferromagne:c	couplers.	



D-Wave: Answer Checking 

Psym	–	Probability	of	obtaining	at	least	
a	single	symmetrical	state	as	the	
lowest	energy	solu>on	among	1000	
annealing	runs	

12	x	12	Chimera	graph	

N	=	3	

Jij ∈ ±1{ }( )

Jij ∈ ±5,±6,±7{ }( )

Jij ∈ ±8,±13,±19,±28{ }( )
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FIG. 2. Probability (Psym) that out of 1000 annealing runs,
at least one of the lowest-energy solutions is found to sat-
isfy symmetry requirements imposed by the mirror couplings.
Note the logarithmic scale for Psym. The number of rows of
unit cells in the problem graphs was fixed to 12, while the
number of columns N was varied from 1 to 6 for the DWP,
and from 1 to 8 for the DWC. The blue and red curves re-
spectively show the results obtained for DWP and DWC for
graphs with zero local fields and couplings drawn from the
Sidon set S28. The green curve shows the results obtained
for the DWC for graphs with both couplings and local fields
drawn from the Sidon set. For all calculations, the default
annealing settings of the devices were used.
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FIG. 3. Comparison of Psym for 12×N and 16×N problem
graphs on DWC, with the number of columns of unit cells N
varied from 1 to 8. The inset shows a magnified view of the
data points for N = 7 and N = 8. The couplings were drawn
from the Sidon set S28 while the local fields were set to zero.
For all calculations, the default annealing settings were used.

between each column of unit cells on graph G and the
corresponding mirror column on G′. The results for all
1000 graph instances were averaged to reduce statistical
fluctuations. These average Hamming distance measure-
ments were further normalized by dividing by the number
of functional qubits in the corresponding column of unit

cells. Such a normalized measurement will yield a value
of 0.5 if the particular column and its mirror counter-
part are completely uncorrelated, 0 if the two columns
are identical, and 1 if the two columns satisfy spin-flip
symmetry.

FIG. 4 shows the average Hamming distance as a func-
tion of the column index for different problem graph
sizes on the two available quantum annealing machines.
The column indices are counted from the mirror plane
and increase with the distance from the mirror plane.
Index = 1 (not shown in the graph) represents the col-
umn closest to the mirror plane which is directly coupled
to its mirror counterpart via mirror couplings. As the
spatial correlations get weaker with increasing distance
from the mirror plane, the Hamming distance gradually
increases with increasing column index for all curves.
The curves for three different graph sizes (16× 8, 12× 8,
and 12× 6) on the DWC show that this gradual increase
in the Hamming distance successively becomes more pro-
nounced as the problem size increases. A comparison of
the two curves for the DWC and DWP for the 12 × 6
graph size clearly shows that the Hamming distance for
the DWP increases more rapidly than that for the DWC.
This leads to an interesting conjecture with regard to the
performance of the two devices. As suggested by the re-
sults shown in FIG. 2, the performance of the DWC is
only marginally better than the DWP in terms of deter-
mining the true ground states. However, the comparison
of Hamming distance curves indicates that the lowest-
energy solutions provided by the DWC are considerably
closer to the ground states than the ones provided by
DWP. This suggests that the DWC may indeed outper-
form the DWP in terms of providing “near” optimal so-
lutions, if not the optimal solution.

D-Wave devices allow the users to make limited ad-
justments to the default annealing schedule. One such
adjustable parameter is the annealing time (tA), which
can be varied in the range 20− 2000 µs on both devices.
The DWC also provides the capability to “offset” the an-
nealing paths of individual qubits such that the annealing
process of certain qubits are delayed/expedited. Here we
investigate how these adjustable parameters affect the
column-wise average Hamming distance of the lowest-
energy solutions (See FIG. 5). The blue and red curves
respectively show the Hamming distances for tA = 20 µs
(default value) and tA = 2000 µs on the DWC. The Ham-
ming distance for tA = 20 µs increases more rapidly with
the column index than that for tA = 2000 µs, indicating
that the performance of the device increases with increas-
ing annealing time as expected. The green curve shows
the Hamming distance for the DWC with the anneal-
ing paths of all the qubits on the left side of the mirror
plane delayed by a normalized offset value of −0.0866969.
(Note that the allowable range of offset values differs from
qubit to qubit, and the chosen offset value gives the max-
imum possible difference in offsets between the qubits on
the left and right sides of the mirror plane.) A compari-
son with the results obtained for the default settings in-

    arXiv: 1708:01026 



D-Wave: Benchmarking 

Hamming	distance:	
For	lowest	non-symmetric	returned	
configura>ons	

12	x	12	Chimera	graph	

i	=	3	

Jij ∈ ±1{ }( )

Jij ∈ ±5,±6,±7{ }( )

Jij ∈ ±8,±13,±19,±28{ }( )
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dicates that the Hamming distance increases less rapidly
with the column index when the annealing offsets are
introduced, suggesting an increase in performance.
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FIG. 4. Average Hamming distance between each column of
unit cell on graph G and the corresponding mirror column on
G

′, as a function of the column index. The column indices are
counted from the mirror plane and increase with the distance
from the mirror plane. For all problem graphs, the couplings
were drawn from the Sidon set S28 while the local fields were
set to zero. The curves are for different graph sizes on DWP
and DWC, under default annealing settings.
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FIG. 5. The effect of annealing time (tA) and annealing off-
sets (AO) on the the column-wise average Hamming distance
for 16×8 graphs on the DWC. The column indices are counted
from the mirror plane and increase with the distance from the
mirror plane. For all graphs, the couplings were drawn from
the Sidon set S28 while the local fields were set to zero.

Thus far, our calculations were performed with the
mirror couplings Mk set to the maximum possible fer-
romagnetic value of +1. The magnitude of Mk deter-
mines the strength of the spatial correlations between
the classical spin configurations occupying the graphs G
and G′. To examine the effect of the mirror coupling

strength on the spatial correlations, we calculated the
column-wise Hamming distance of the lowest-energy so-
lutions on the DWC for varying values ofMk in the range
−1 ≤ Mk ≤ +1 (See FIG. 6). In the absence of mirror
couplings (Mk = 0), the average Hamming distance re-
mains 0.5 within the error bars, indicating that the so-
lutions for G and G′ are uncorrelated. In the case of
the lowest possible antiferromagnetic value Mk = −1,
the Hamming distance is close to 1 for the column clos-
est to the mirror plane, but gradually decreases with the
increasing column index as the spatial correlations get
weaker. As Mk is gradually increased from −1 to +1,
we observe a systematic shift of the Hamming distance
curves in accordance with the sign and the magnitude of
the corresponding Mk values.
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FIG. 6. The column-wise average Hamming distance for 16×
8 graphs on the DWC for varying mirror coupling strengths
Mk. The column indices are counted from the mirror plane
and increase with the distance from the mirror plane. For
all graphs, the couplings were drawn from the Sidon set S28

while the local fields were set to zero. The default annealing
settings of the device were used.

IV. SUMMARY

We have demonstrated a generic approach for bench-
marking quantum annealing devices based on symmetry
properties associated with graphs with mirror symmetry.
This method does not require the prior knowledge of the
true ground states of the benchmark problem instances,
and hence is a more efficient alternative to the conven-
tional benchmarking schemes that rely on direct compari-
son of the solutions to their predetermined ground states.
In addition, examining Hamming distances of returned
states as a function of distance from a mirror plane al-
lows subtle investigations of differences in device models
and of adjustable parameters on devices. In particular,
we found for the two available D-Wave models, although
they do not differ very substantially in the probability



D-Wave (500 & 1000)           K4,4  Chimera 
Spanning trees 

496 qubit 
D-Wave 2 

 
1097 qubit 
D-Wave 2X 

 
L x L square 

Good 
Oracle? 

100 spanning trees 
up to100 submissions 

each 103 anneals 
Jij = ±1 

M.A. Novotny, et al, 
J. Phys. Conf. Proc. 
(2016)  
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D-Wave: improve the AQC? 

Adding SW connections gives finite-
temperature spin-glass transition with 

mean-field exponents 

US patent + patent pending 



Finite T Decoherence 
Perturbation Theory  + Simulations (NO adjustable parameters) 

Phys Rev A 93, 032110 [46 pages] (2016) 
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Restricted Boltzmann 
Machine (RBM) Applications 

 
Cybersecurity: 

network intrusion detection 



My current application of AQC 
Boltzmann Machines          (Deep Belief)  

Intersection of 3 fields: 1) Cybersecurity 
2) Boltzmann machines 
3) Quantum computing 



Restricted Boltzmann Machine (RBM) 
Restricted Boltzmann Machines (RBM) 

Visible units 

(Bars or Stripes) 
Visible units 

(Bars and Stripes) 

Hidden units 



Boltzmann Machines  
Technical Approach: Cybersecurity 

 Test data sets: 
Ø  Bars and Stripes model 
Ø  Handwritten digits (MNIST) 
Ø  KDD network traffic 
Ø  ISCX network traffic (64 bit for 2000Q) 

5×5 RBM 



Boltzmann Machines  (BM) with D-Wave 
Technical Approach: Boltzmann machines 

Koshka et al, 2016 Int. Joint Conf. Neural Networks (IJCNN), Vancouver, BC, p. 1948-1954  



Restricted Boltzmann Machines  (RBM) 
Technical Approach: RBM 

Ø   Restricted Boltzmann machines (RBM) 
Ø  Persistent contrastive divergence 
Ø  Input from D-Wave 2000Q   (16×16) 
Ø  64 visible units  (=4×16)  
Ø  64 hidden units 
Ø  Use VF for full 2048 qubits 
Ø  ISCX data set (map to 64 bits) 



     RBM + D-Wave 2000Q + ISCX 
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     RBM + D-Wave 2000Q + ISCX 



Conclusions and Discussion 

Just Do It!!! 
Ø Test it! 
Ø Improve it! 
Ø Use it! 



Thank You! 


