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Hybrid MC

• MD mapping: 𝑔!,#!: (𝑟$ , 𝑣⃗$) →: (𝑟′$ , 𝑣′$)
• Energy nonconservation due to discretization error ® apply Metropolis MC
for step_MC = 1 to Max_step_MC

Generate normal velocity distributions with temperature T
Compute the total energy Hinit and forces for the initial state
for step_MD = 1 ro Max_step_MD

Velocity-Verlet update of coordinates and velocities for dt
end for
Compute the final energy Hfinal
if DH = Hfinal - Hinit < 0 then

Accept the state change, xinit ® xfinal
else if rand()/RAND_MAX < exp(-DH/kBT) then

Accept the state change, xinit ® xfinal
end if

end for

Combine collective motion of molecular dynamics (MD) with MC

Phys. Rev. B 45, 679 (’92)



Multigrid MC

Correlation time

Phys. Rev. Lett. 60, 1591 (’88)

𝜏 ∝ 𝐿!



Multigrid MC
Cluster of clusters: Coarsening

Representative spin

Frozen bond

Deleted bond

Cluster

Renormalized coarse spin model



Multigrid MC

• Uncoarsening
Recover the fine spins 

• Multigrid cycling
Do it recursively



O(N) MC with Long-Range Interaction?

O(N) cluster MC algorithm

Magnetic vortex core
T. Shinjo et al., Science 289, 930 (’00)

O(NlogN) MC algorithm



Exotic Magnets

monopole

monopole

Dirac line

Monte Carlo simulation



Cluster MC for Particles



Multicanonical & Multirange MC

First-order phase transition

Phys. Rev. Lett. 68, 9 (’92)

Phys. Rev. Lett. 86, 2050 (’01)

Multicanonical MC
𝛼 ≈ 1

𝜏~exp 𝐹"𝐿#$%
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Stacking-Fault Elimination in Nanowire?
• Gibbs free energy change for 

the nucleation of an island of 
an ad-bilayer at a corner

D*ZB D*fault

Sweet
spot(ABC)A (ABC)B

• There is a narrow range of 
diameter in which twin-free NW 
is grown: D*ZB < DW < D*fault

T =1050K

pGa = 2.7×10
−6
bar

pAs = 5×10
−4
bar

Island size D

Nanowire
diameter
DW

GaAs

Z. Yuan et al., Appl. Phys. Lett. 100, 
163103 ('12); Nano Lett. 13, 4925 (’13)
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Multicanonical Ensemble

1-dimensional random walk in energy space: fast

Multicanonical MC algorithm
1. Set-up run to estimate density of states, D(E)
2. Metropolis run using 1/D(E) as a prob. density
3. Obtain Boltzmann distribution by re-weighting

Metropolis walk based on 
Boltzmann factor: slow

can’t hop

𝜌' 𝐸, 𝑇 = 𝐷 𝐸 𝑃' 𝐸, 𝑇
𝑃' 𝐸, 𝑇 = exp(−E/𝑘'𝑇)

𝜌( 𝐸 = 𝐷 𝐸 𝑃( 𝐸 = constant

𝜌' 𝐸, 𝑇 ~𝜌( 𝐸 𝑃($% 𝐸 exp(−E/𝑘'𝑇)



Genetic Algorithm

Gene = bit string = (10011110)

1D Ising model

• Population in the solution space: Multiple chains, diversity

• Selection: Elitist strategy = survival of the fittest

• Crossover

Good Bad GoodBad
Father Mother

Good BadGood Bad



Statistical Mechanical Analysis of GA

Phys. Rev. Lett. 72, 1305 (’94)
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Replica Exchange MC

Multiple Markov chains at different temperatures
J. Chem. Phys. 118, 6664 (’03)



Parallel History Matching
• Provide USC’s parallel computing environment to 

demonstrate parallel execution of CVX’s history match & 
associated forecast (HMAF) framework.

• History matching of a real field case (offshore Africa, North 
Sea & Gulf of Mexico) with 10,000-20,000 forward 
simulation runs on CACS high performance computing 
resources. 

K. Nomura et al., J. Supercomputing 41, 109 (’07)

http://cisoft.usc.edu



Opportunity: Overnight HMAF on a Grid

GridRPC

MPI

GridRPC



Final Project at the Frontier of Science?



3D Ising Problem is NP-Complete



Lattice Model of Protein Folding

• Levinthal’s paradox: How the nature solves the NP-complete 
problem in polynomial (linear?) time?



Lattice Model of Protein Folding
Protein code = sentence with a 
20-letter alphabet of amino acids 
= {alanine, glutamine, ...} 
To be discovered: Principle of 
rapid folding codes



MtrF-OmcA Example

MtrF (PDB file 3PMQ )
CGGSDGDDGSPGEPGKPPAMTISSLNISVDKVAISDGIAQVDYQVSNQENQAVVGIPSATFIAAQLLPQGATGAGNSSEWQHFTSETCAASCPGTFVDHKNGHYSYRFSATFNG
MNGVTFLSDATQRLVIKIGGDALADGTVLPITNQHYDWQSSGNMLAYTRNLVSIDTCNSCHSNLAFHGGRYNQVETCVTCHNSKKVSNAADIFPQMIHSKHLTGFPQSISNCQ
TCHADNPDLADRQNWYRVPTMEACGACHTQINFPAGQGHPAQTDNSNCVACHNADWTANVHSNAAQTSALAQFNASISSASMDANGTITVAVSLTNPTTGTAYADSADKL
KFISDLRIYANWGTSFDYSSRSARSIRLPESTPIAGSNGTYSYNISGLTVPAGTESDRGGLAIQGRVCAKDSVLVDCSTELAEVLVIKSSHSYFNMSALTTTGRREVISNAKCASC
HGDQQLNIHGARNDLAGQCQLCHNPNMLADATATNPSMTSFDFKQLIHGLHSSQFAGFEDLNYPGNIGNCAQCHINDSTGISTVALPLNAAVQPLALNNGTFTSPIAAVCSNC
HSSDATQNHMRQQGAVFAGTKADATAGTETCAFCHGQGTVADVLKVHPIN
OmcA (PDB file 4LMH )
CGGSDGKDGEDGKPGVVGVNINSTSTLKAKFTNATVDAGKVTVNFTLENANGVAVLGLTKDHDLRFGIAQLTPVKEKVGETEADRGYQWQAYINAKKEPGTVPSGVDNLN
PSTQFQANVESANKCDTCLVDHGDGSYSYTYQVNVANVTEPVKVTYSADATQRATMELELPQLAANAHFDWQPSTGKTEGIQTRNVVSIQACYTCHQPESLALHGGRRIDIE
NCASCHTATSGDPESGNSIEFTYMIHAIHKGGERHTFDATGAQVPAPYKIIGYGGKVIDYGKVHYPQKPAADCAACHVEGAGAPANADLFKADLSNQACIGCHTEKPSAHHSS
TDCMACHNATKPYGGTGSAAKRHGDVMKAYNDSLGYKAKFSNIGIKNNALTFDVQILDNKDQPIGKEFISDPSAYTKSSIYFSWGIDKDYPAYTAGSRYSDRGFALSNSKVST
YNEATKTFTIDSTNSNLKLPADLTGMNVELYAGVATCFNKGGYGVEDVVATPCSTDTRYAYIQDQPFRFKWNGTDTNSAAEKRRAIIDTAKCSGCHNKEIVHYDNGVNCQA
CHTPDKGLKTDNTYPGTKVPTSFAWKAHESEGHYLKYAGVQSGTVLKTDCATCHTADKSNVVTGIALGRSPERAWLYGDIKNNGAVIWVSSDAGACLSCHQKYLSDAAKS
HIETNGGILNGTSAADVQTRASESCATCHTPSQLMEAHGN

MtrF OmcA



Recursive Algorithm of Folding?

Optimal structure for 2D lattice model

2D Hilbert (spacefilling) curve



Hilbert Curve
• Recursive algorithm for k-bit Gray code

(1) G(1) is a sequence: 0 1.
(2) G(k+1) is constructed from G(k) as follows.

a. Construct a new sequence by appending a 0 to the left of all
members of G(k).

b. Construct a new sequence by reversing G(k) and then appending
a 1 to the left of all members of the sequence.

c. G(k+1) is the concatenation of the sequences defined in steps 
a and b.

• Gray code keeps Hamming distance 1 for successive elements 
• Used for embedding 1D list in n-D space, preserving spatial 

proximity of consecutive list elements



Spacefilling Curve for Data Compression

Also used for load balancing in 
parallel computing, compiler 
optimization, etc.



Hilbert Curve for NP-Complete Problem

Phys. Rev. Lett. 75, 1683 (’95)



Divide-&-Conquer Protein Folding
• Levinthal paradox (1968): How the Nature 

folds an amino-acid sequence into a global 
energy minimum 3D structure (which is 
known to be NP complete) within 
microseconds (~ billion molecular-dynamics 
steps).

• Sequential kinetic Monte Carlo not good 
enough.

Zip-&-assembly algorithm (Ken Dill at UCSF)
1. (Divide) Chop the amino-acid sequence into 

~10 residue fragments.    
2. (Conquer) For each fragment, perform 

replica-exchange (~ temperature 
accelerated) molecular dynamics 
simulation & detect the formation of any 
stable hydrophobic contacts.

3. (Combine) Grow the stable fragments by 
adding surrounding residues while 
freezing (~ constraint) the found stable 
contacts. S.B. Ozkan et al., PNAS 104, 11987 (’07)



Parsing Protein-Folding Routes
Computational linguistics
(1) Formal grammar to describe protein-folding routes
(2) Dynamic programming for an efficient algorithm for the folding routes 

K. A. Dill et al., Polymer 48, 4289 (’07)



Disconnectivity Graph



Ultrametricity

Geometry of phylogenetic tree



Exploring Energy Landscapes

Elitist mechanics 
= transition-state theory 
+ discrete abstraction/combinatorial search 
+ evolutionary population control



Chemical Reaction Network
Klamt et al., PLoS Comput. Biol. 
5, e1000385 (’09)

Yin et al., Nature 451, 318 (’08)

Zhang et al., Science 318, 1121 (’07)

Reaction graph = language for self-assembly 
& catalytic cycle design

Arnold group, Nature Rev. MCB 10, 867(’09); COCB 13, 3 (’09)

Directed & accelerated evolution



Statistical Mechanics & Graph Theory

Mean-field approximation (heuristic from statistical mechanics) 
to count the number of Hamilton cycles of a graph 

J. Bascle, T. Garel, and H. Orland, “mean-field theory of polymer 
melting,” J. Phys. A 25, L1323 (’92) 



Phase Transition in Computer Science

“Life at the edge of chaos”, 
Complexity by M. M. Waldrop 

Artificial Life
(self-reproducing cellular automaton)


