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Overview

•Introduction

•PhysicalandNumericalModel

•PROTOMOL–AMolecularDynamicsFramework

•CoulombCrystals

•UgelstadsphereDynamics

•Conclusions&FutureWork

•Demo/Movies
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Motivation

•Modelingofphenomenainnature

•Studyofdynamicpropertiesofmicroandmacroprob-
lems

•Representationbyparticles

•Examples:Watermolecules,sandgrains,billiard,
solar-system,etc.
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MolecularDynamics

•Particles

•Interactionbetweenparticles

•Newton’sequationofmotion

mi
d2

dt2~xi(t)=~Fi(t)

~Fi=−∇iU(~x1,~x2,...,~xN)

1.Compute/evaluateforcesforallparticles

2.Updatepositions&velocities
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MolecularDynamics(cont.)
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NumericalIntegration

OftensolvedbyLeap-Frogmethod:

vt+1
2=vt−1

2+
∆t

m
Ft

xt+1=xt+∆tvt+1
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t
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t
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t−10t
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•Timestep∆ttypically1femtosecond(1fs=10−15s)

•Multipletime-steppingtoaddressthedifferenttime
scalesofforces
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AnMDSimulation

1.Constructinitialconfigurationofx0,v0andF0;

2.loop1tonumberofsteps

(a)Updatevelocities

(b)Evaluateforcesoneachparticle

(c)Updatepositions

(d)Updatevelocities

3.Post-processing
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WhyanewMolecularDynamicsFramework?

•Existing(highlyoptimized)frameworksarenoteasy
toextendwithnewalgorithms

•Norealencapsulationofdatadistribution&paral-
lelization

•Nofullycustomizableintegratorsandforces

•GeneralpurposeMDresearchplatform

•Frameworktodevelopandevaluatenewmethods–
faircomparison
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PROTOMOL–AMolecularDynamicsFramework

•Anobject-orientedcomponentbasedframeworkfor
moleculardynamicssimulations

•Designedforhighflexibility,easyextendibilityand
maintenance,andhighperformancedemands

•Incrementalparallelization

•Supportofmultipletime-steppingintegration

•Genericforcesandfastelectrostaticforceevaluation
algorithmslikeplainEwald(O(N

3
2)),Particle-Mesh-

Ewald(O(NlogN)),andmulti-grid(O(N))
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PROTOMOL–AMolecularDynamicsFramework(cont.)

libparallel, libforces
libbase, libtopology

libintegrators

libfrontend Component

Framework

Class Library

Middle Layer

Front−end

Back−end
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PROTOMOL–AMolecularDynamicsFramework(cont.)

Incrementalparallelization

•Implementsequentialversionofanewalgorithm,for
verification

•Parallelandsequentialpartsgohandinhand

•Benefitfromalreadyparallelizedcomponents

•Extendtoparallelversion

Master-slavewithdatareplicationandforcedecompo-
sitions
DistributeU=U

bond
+U

angle
+U

dihedral
+U

improper
+U

electrostatic
+U

Lennard-Jones
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PROTOMOL–AMolecularDynamicsFramework(cont.)

Supportofmultipletime-steppingintegration
Integrator{

level2Impulse{#Long-rangeelectrostatics

cyclelength4

forceCoulomb-algorithmFull-switchingFunctionComplementSWC1}

level1Impulse{#Mediumvaryingforces

cyclelength2

forceImproper,Dihedral

forceCoulomb-algorithmCutoff-switchingFunctionSWC1

forceLennardJones-algorithmCutoff-switchingFunctionSWC1}

level0Leapfrog{#Fastvaryingforces

timestep1#[fs]

forceBond,Angle}}

Three-levelVerel-I/r-RESPAMTS
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PROTOMOL–AMolecularDynamicsFramework(cont.)

Genericforces
R1Algorithmtoselectann-tupleofparticles

R2Boundaryconditions

R3Retrieveefficiently(O(1))thespatialinformationofeachparticle

R4Potentialdefiningtheforceandenergyonthen-tuple

R5Switchingfunctiontomodifythepotential

→Policy,AbstractFactoryandPrototypes
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PROTOMOL–AMolecularDynamicsFramework(cont.)

•Object-orientedcomponentframework,C++,40,000
LOC,180classes

•Integratorhierarchy,suitedformultipletime-stepping

•Genericforcesandalgorithms

•Switchingfunctionstosmooth/splitforces/potentials

•InterfacetostandardI/Oformats(PDB,PSF,PAR,
XYZ,DCD,CHARMM19/28,...)andapplications

•Componentsforparallelization&datadistribution
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Performance:SequentialScalability

Testcase#atomsPROTOMOLNAMD2Ratio
N[µs]/N[µs]/N

Watervacuum42325.5328.840.89
periodic36.8835.231.05

BPTIvacuum14,28154.862.250.88
periodic97.0185.151.14

ApoA1vacuum92,22460.9670.880.86
periodic100.04109.040.92

PentiumIII,1.26GHzrunningLinuxRedHat
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Performance:ParallelScalability
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CoulombCrystals

WhatareCoulombCrystals?

•Asystemofpositivechargedions(1−106)trapped
byamagneticfield

+++
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CoulombCrystals:Experiments

Left:Monocomponent,sphere.
Right:Bicomponent,string,Ca+

40(•),Mg+
24(•).
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CoulombCrystals:PhysicalModel

T=0⇒QuantumMechanicsandλ=h
mvsignificant

T≈1µK⇒ClassicalApproximation⇒Classical
MolecularDynamics(Newton’sequationofmotion)
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CoulombCrystals:PhysicalModel(cont.)

Q2 Q1

R
m,q

FCoul=1
4πε0

Q1q
R2,FTrap=mω2R.

FCoul=FTrap⇒R=
(

Q1
4πε0ω2

q
m

)1
3
.

NB:Independentof
q
m.
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CoulombCrystals:NumericalModel

MolecularDynamicssimulations

•

U=
1

4πε0
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•Newton’sequationofmotionsolvedbythenumerical
Leap-FrogmethodwithNosé-Hooverthermostat
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CoulombCrystals:Research

•Investigationofthestructureanddynamicsofso-
calledionstrappedinaelectricandmagneticfield
(PaulTrap)with1−106ions

•Radialdistributionandshellstructure(ornot)ofmono-
andbicomponent(Ca+

40andA2+
80)crystals

•Dynamicalfeaturesoffinitetemperature(1µK).

•Futurework:Fulltreatmentofquantaleffects
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CoulombCrystals:Simulation

Left:Fronthemisphereoftheoutershell,20,288Ca
+

40.
Right:Fronthemisphereoftheoutershell,10,144Ca

+

40(•)and10,144A
2+

80(•).
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CoulombCrystals:Simulation(cont.)
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Conclusions

•Simulationsresultinclearoutershellstructurein
largebicomponentioncrystalswithidenticalq/mra-
tion

•Eachcomponenthaveslightlydifferentshellradiire-
sultinginaninteresting“doublestructure”ofeach
shell

•Theinnerpart–no-structured–isoffluidnature
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UgelstadsphereDynamics

•Sizerangeof1-100µm

•Uniformto1%ofthesize

•Syntheses:polyethylene

•Canbemagnetized
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UgelstadsphereDynamics:Applications

•Medicine

•Painttechnology

•Computers

•Phasetransitionsimulations
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UgelstadsphereDynamics:Ferrofluid

•Magneticnano-sizeparticlessuspendedinafluid

•Diluteferrofluid:<10vol%ferroparticles

•Nohysteresis(superparamagnetic)

•Basedonkeroseneferrofluid
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UgelstadsphereinaMagneticFluid
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UgelstadsphereinaMagneticFluid(cont.)

Witharotatingfieldstretchedoutintime
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UgelstadsphereinaMagneticFluid(cont.)

Statisticalanalysis⇒knotstheory(Writhe)
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UgelstadsphereDynamics:Simulation

•Leapfrog

•Dipole-dipoleandthe
dipole-mirrorinterac-
tions(O(N2))

•Mirroreffects

•Friction

Ugelstadspheresinamagneticfluidand

anappliedmagneticfield.
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Conclusions&FutureWork

•Dipole-dipoleinteraction

•Stoke’slawforspheresinaviscousmedium

•Runge-Kutta’sfourthorder

•Hydrodynamicsinteractionbetweenspheres

•Acceleration

•Parallelcomputing&largesystems

•Fasterforcealgorithm–lessthanO(N2)

c©ThierryMatthey,Trondheim,December11,2002.PROTOMOLanditsApplicationtoUgelstadsphereDynamicsandCoulombCrystals33/37



OtherApplications:CoalescenceofWater

Coalescenceoftwo
waterdropletsina
gasphase.

Particlesrepresent
hydrophilicand
hydrophobicgroups.
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Conclusions

•Wellsuitedfornon-coreMDsimulations

•GeneralMDframeworkforresearch&education

•Platformtodevelopandevaluatenovelmethods&
algorithms

•Goodsequentialandparallelscaling
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FutureWork

•Automaticchoiceofoptimalmethodsandtheirpa-
rameters

•Generalizationofparallelization&datadistribution

•I/Oenhancement–toreachnewusergroups

•Abstractionby(scientific)designpatterns

•Integrators
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CollaborationPartners

•JanPetterHansenandhisstudents,Universityof
Bergen.

•MichaelDrewsen,TheionTrapgroup,Instituteof
PhysicsandAstronomy,UniversityofAarhus.
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Izaguirreandhisstudents,CSE,UniversityofNotre
Dame,USA.

c©ThierryMatthey,Trondheim,December11,2002.PROTOMOLanditsApplicationtoUgelstadsphereDynamicsandCoulombCrystals37/37


