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Computer CPU based on transistors? 
 
 
Data storage on paper tape? 
 
 
RAM from coil-wound solenoids? 
 
 
Programmed in Assembly language? 
 
A 1000+ qubit quantum computer? 

Who has done computational physics … 



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 2X 

1000+ qubits 



Classical Ising Model 
spin = 1/2 

Each spin has two values: sj = ±1 
 bias (magnetic) field hj on each spin 
 coupling Ji,j between spin pairs 

 
 
 
Ferromagnetic:   all Jij =+1 
Antiferromagnetic:  all Jij =-1 
Ising spin glass:   random Jij 
Random field:   random hj 



Classical Ising Model 
spin = 1/2 

Ferromagnetic:   all Jij =+1 

T 0 
Tc 

Singularity (infinite system) 
Critical exponents         yT(d) 



Classical Ising Model 
yT=1/ν         depends on dimension d 

Novotny PRB 1992 

ν=1 exact d=2 

d=1+ε expansions 

resummed d=4-ε 
expansions 

Numerical 
transfer matrix 



Intro. to Small World Networks 
Construct Small-World Networks 

	
  

d=1 to SW 
or 

d=2 to SW 

Ø  p = Fraction of bonds added 

Ø  L (or L2) lattice nodes 

Ø  Average distance between nodes d~ln(L) 



2005	
  IVBMSP	
  

	
  	
  Small World (z-model) 
Ø Start with d=1 chain of spins 
Ø Randomly connect pairs of spins 
Ø  All spins have z interactions (strength	
  1)	
  

Ising Ferromagnet 
Introduced by Scalettar 1991 



2005	
  IVBMSP	
  

  Small-world (z-model)        yT mean field 

Ø  Binder 4th-order cumulant Ising Ferromagnet 

Brézin 

Zinn-Justin  

1985 

Exact	
  N=∞	
  value	
  at	
  Tc	
  



Transverse Field Ising Model 
spin = 1/2 

Each spin is a two-component vector: sj  
 bias (magnetic) field hj σj

z each spin 
 transverse field Γj σj

x each spin 
 coupling Jij σi

z σj
z between spin pairs 

ΓC 

T=0 

Γ 



What can an IDEAL aQC do? 
aQC = adibatic Quantum Computer 

You give aQC: 
 bias hj on each qubit 
 coupling Jij between qubit pairs 

You get (probably) 
 Ground state spins {sj} 



NP-Hard 

NP 

NP-Complete 

P 

Why should you care? 
         Complexity theory 

Complexity 
Groundstate Ising 

Spin Glass 
(d=2+hj or d=3) 



SIMD Parallelization of  
Ising Spin Glass 

Given Ji,j and hj  
calculate Energy E({s})  
for all 2N configurations 

The graph is fixed;     2N processors 

SIMD = Single Instruction Multiple Data 

Find Groundstate (lowest energy state) 



SIMD Parallelization of  
Ising Spin Glass 

Scatter problem: Given Ji,j and hj 

GATHER solutions:  
                              return lowest E({s})  

The graph is fixed;     2N processors 

PE 1  PE 2  PE 2N  PE 3  



aQC as analog SIMD computer 
adiabatic D-Wave Quantum Computer (aDWQC) 
Maximum number processors you have parallelized over? 

Novotny:    Thinking Machine CM-2:   216=65,536 

aDWQC:   NASA/Google/USRA:  1000+ qubit:   21000=10301 

216   = 7 × 104 
222   = 4 × 106 

2230 = 1069 

21000= 10301 

21097= 10330 

aDWQC 1000 qubit announcement: June 22, 2015 









What can aQC do: 

Gives global minimum (ground state) of Ising 
glass 

Ø  (QUBO) 
Ø  Limits T!0 and t!∞ 
Ø  Probabilistic machine 
Ø  On architecture graph 

You give aQC: 
 bias hj on each qubit 
 coupling Jij between qubit pairs 

You get (probably) 
 Ground state spins 

aQC = adiabatic Quantum Computer 



Can only quantum physicists program 
an aQC? 

You give aQC: 
 bias hj on each qubit 
 coupling Jij between qubit pairs 

You get (probably) 
 Ground state spins 

Oracle 



D-Wave 2X    1000+ qubits 



Novotny at D-Wave                    2013 



D-Wave 2X         1000+ qubits 
K4,4 Chimera lattice 

4 K4,4  unit cells 
D-Wave 2X 

1097 qubits from 1152 

12	
  x	
  12   K4,4 

144 K4,4  unit cells 



D-Wave 2X         1000+ qubits 
K4,4 Chimera lattice 

D-Wave 2X 
1097 qubits from 1152;     3060 couplers from 3360  

12	
  x	
  12   K4,4 

144 K4,4  unit cells 



Spanning Trees 
A tree (no loops) that includes 

every node in a graph  

4 K4,4  -  unit cells 27 qubits 



Spanning Trees: algorithm 

A spanning tree uniformly drawn from 
the ensemble of all spanning trees 

Ø   Randomly choose a node i 
Ø   Randomly choose a link to another node j 

Ø  If node already visited no change to tree 
Ø  If first visit to node j, add link & node to tree 

Ø  Interchange j!i 



Spanning Trees: algorithm 

A spanning tree uniformly drawn from 
the ensemble of all spanning trees 

Ø   Randomly choose a node i 
Ø   Randomly choose a link to another node j 

Ø  If node already visited no change to tree 
Ø  If first visit to node j, add link & node to tree 

Ø  Interchange j!i 



Spanning Trees: algorithm 

A spanning tree uniformly drawn from 
the ensemble of all spanning trees 

Ø   Randomly choose a node i 
Ø   Randomly choose a link to another node j 

Ø  If node already visited no change to tree 
Ø  If first visit to node j, add link & node to tree 

Ø  Interchange j!i 
Ø  STOP when all nodes are in tree 



Spanning Trees: algorithm 

A spanning tree uniformly drawn from 
the ensemble of all spanning trees 

Spanning tree on 1097 qubit 
NASA/Google/USRA 

D-Wave 2X 
Ji,j = ±1           hj = 0 
Eground  =  Nqubits - 1 



Spanning Trees: algorithm 

A spanning tree uniformly drawn from 
the ensemble of all spanning trees 

Spanning tree advantage: 
Ø  Each tree includes all qubits 
Ø  Ensemble covers all bonds 
Ø  Ensemble is well defined 
Ø Works on any graph 
Ø Known groundstate 
Ø Known spin arrangements 
Ø Hard problem for aQC 

Ji,j = ±1           hj = 0 
Eground  =  Nqubits - 1 



Recent   MSU/JSC   aDWQC  publication 



Recent MSU/JSC aDWQC publication 

Spanning tree on 496 qubit 
D-Wave 2 



Recent MSU/JSC aDWQC publication 
Spanning trees 

496 qubit 
D-Wave 2 

 
5 x 5 square 
197 qubits 

100 spanning trees 
100 submissions 
each 103 anneals 

Jij = ±1 

Good 
Oracle? 



Recent MSU/JSC aDWQC publication 

Spanning trees 
496 qubit 
D-Wave 2 

 
m x m square 

Good 
Oracle? 

100 spanning trees 
up to100 submissions 

each 103 anneals 
Jij = ±1 



Lukas Hobl  D-Wave 2 
Spanning trees 

476 qubit 
D-Wave 2 

Good 
Oracle? Are uncoupled 

subgraphs 
independent? 

 
 

Yes. 

1 spanning tree 
Jij = +1 



Day old results:         D-Wave 2X 
Spanning trees 

1097 qubit 
D-Wave 2X 

Good 
Oracle? 

Compare D-Wave 2X 
With D-Wave 2  

1 spanning tree 
Jij = ±1 

Fraction ground state is ever found: 
100 submissions, 103 anneals per submission 

 
D-Wave 2   33%   100 trees 
D-Wave 2X   76%     10 trees 



Day old results:         D-Wave 2X 
Ferromagnetic 

1097 qubit 
D-Wave 2X 

Good 
Oracle? 

Does it find the 
ferromagnetic ground 

state? 

1 spanning tree 
Jij = [-1,+1] 

1097 qubit spanning tree: 
103 submissions, 103 anneals per submission 

 
Ground state found 4.2% of time 



Week old results:         D-Wave 2X 
Ferromagnetic 

1097 qubit 
D-Wave 2X 

Good 
Oracle? 

Does D-Wave find 
the ferromagnetic 

ground state? 

1 full graph 
Jij = +1 

1097 qubit spanning tree: 
103 anneals per submission;   all E=-3060 

h=0.0  all s=-1 
h=0.06  all s=-1 
h=0.07  s=-1, 823 times; s=-1, 177 times 
h=0.08  all s=+1 



How to improve D-Wave aQC? 
Keep anneal time the same 

Change function Γ(t) 

Better 
Oracle? 

K. Michielsen et.al. 

Change success probability 



How to improve D-Wave aQC? 
Change graph 
to SW graph 

d=∞ 

Better 
Oracle? 

Requires only 1-2 
additional chip layers 

US Patent Pending 



Is aDWQC an aQC? 

D-Wave 2X with 1000+ qubits does … 
D-Wave 2X is NOT ideal adiabatic quantum computer 

More tests needed … more improvements needed 



Conclusions and Comments 

D-Wave 2X with 1000+ qubits does … 

Spanning trees useful as tests of aQC 

Next generation aQC can be improved 



My current use of aQC 
Boltzmann Machines          (Deep Belief)  

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



Conclusions and Provocations 

Quantum computing is here NOW! 
 
Moscow understands quantum! 



Conclusions and Provocations 

Quantum computing is here NOW! 

Adiabatic quantum computing with 
10000+ qubits in four years? 

NP-Hard problems are computable! 


