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1 Intr oduction

The modelingof phenomendhat occurin natureis mostfrequentlyformulated
by a "fluid-flow” approach.In generalparticle systemswith zeronetchage for
example,the conseration of enegy, massandmomentuntogethemwith a force
relationtypically leadsto a setof five coupleddifferentialequationsin principle,
theseequationscan be solved accuratelyif appropriateboundaryconditionsare
known. Anotherconditionis thatthe numberof realparticlesinsidearny computa-
tional volumemustalwaysbelarge enoughsuchthatmacroscopicharacteristics
(e.g.,pressuredensity andtemperatureppply. At smallerlengthscalesor for
systemsdescribedby discretebuilding blocks, the particle-like natureof matter
hasto be taken into account,and one facesa numericalproblemof calculating
thebehaior of N particles— possiblyinteractingwith fluid phasesr heatbaths.
Most frequently the actual particlesof sucha systemare atomsor molecules.
Such systemsare most accuratelydescribedby quantumtheory Fortunately
for massve particlesat sufficient high temperaturequantaleffectsareneggligible
smallandclassicaimechanicsanbeused [84].

MoleculardynamicgMD) [2, 75, 97] describinga classicalparticlemolecular
systemas a function of time hasbeenusedfor several decades.MD hasbeen
successfullyappliedto understandand explain macro phenomendrom micro
structuressinceit is in mary respectsimilar to real experiments.For example,
transportand equilibrium propertiesof the systemin questioncanbe predicted.
An MD systemis definedby particles(positionandmomenta andtheir interac-
tions (potentia), andthe dynamicsof a systemis containedn solving Newton’s
equationof motion, i.e.,theclassicalN —bodyproblem.

The classicalN —body problemlacks a generalanalyticalsolution, thus nu-
merical solutionsare needed.Solving the dynamicsnumericallyand evaluating
theinteractiongendsto be computationallyexpensve alreadyfor afew thousand
particles.Especially the interactionsaregenerallythe computationallydominant
part. For largescaleMD simulationswe dothereforenot only requirea powerful
machine put alsonew algorithmictechniquesndparallelizatiorschemes$o solve
the problemin reasonabldgime. With the introductionof novel computational
algorithms(e.g., multiple time steppingintegration schemesfast electrostatic
force algorithms,etc.) andlarge scaleparallelcomputersjt becamepossibleto
studylarger systemsbeyond 10? particles[9, 80, 99]. Thus,with suchproblem

1For moleculesthe de Broglie wavelengthis alreadyvery small for very low temperatures;
e.g..for aCaj;, Coulombcrystalat1uK thewavelengthis of order10~"m, afactor50-100smaller
thanthetypical separatiordistance.



sizescertainmacroscopi@ropertieof mattercanbe studied.

Thereis a proliferation of programsfor MD [4, 14, 30, 31, 32,53, 77, 81,
86, 91,98, 108 110,119,124, 125 andseveral of theseare robust production
codes;somewith scalableparallelimplementations.They cover commonMD
problemsandare excellenttools to performsimulations. However, mary of the
codesarelegag/ programghatareeitherpoorly organizedor extremelycomple.
Oneimportantfactoris usuallythe large numberof peoplethatcontributedto the
writing of the codesandthe lack of a strongcoordinationto enforcedesign,code
organization,and programmingguide-lines. Most MD applicationsalso suffer
from missingdocumentatiorthat is neededto understandoth the designand
implementation.

Furthermore,somecodeshave a long history and were modified multiple
timesto solve differenttypesof problemsat differentpointsin time. Suchpro-
gramsmay imposesomeseveredesignconstrainton future development. They
may also usedifferentprogramminglanguagesnd systemdependentibraries.
Moreover, in the past.thedesign thereadabilityandalsothe portability hasbeen
sacrificedo a certainlevel, dueto aggressie manualoptimizationtechniquesind
tricks to obtainhigh performance Nowadayscompilersareableto performsuch
optimizationgto a certainextent.

Finally, a parallelimplementatioraddsan extra compleity level, sincethese
MD programsusuallyforce parallelismthroughoutthe whole application.As an
algorithmdevelopmentplatform they areinappropriateo testnovel algorithms.
Thelack of a suitabledevelopmentplatformhasnot only a negative effect on stu-
dentsandjunior researcherdyut alsoon non-corecomputerscienceresearchers,
who have to spendconsiderabldime dealingwith thesedifficulties. At the very
end, it doesalso affect the rate of disseminationof new results; for example,
mary new algorithmsfor MD appearin leadingjournalseachmonth, but their
implementationsn MD codesappearonly severalyearslater, if atall (e.g.,[8]).

In the past,the main focusfor MD programshasbeenon producingwell-
performing and robust productioncodes. As discussedabove, codesof such
applicationsoften have a high thresholdwith respectto testingand comparing
new algorithmsand lack general,built-in comparisonfacilities. However, the
developmenfrom scratchs very time consumingandmostof thetime is spentn
implementingsupportingcodethatis only maginally relatedto the real problem
of interest. To overcomethis dilemma,a flexible and easyextendableplatform
for researchs needed. This will motivate researcherso reusefunctionalities
andextendthe platformwith new algorithmsor applications.An exampleis the
software packageBALL [12] that hasspecialemphasion molecularmodeling



andits representatioby datastructures.

There are differentapproacheshat enablereuseof code,and accordingto
Coulangd25] andMeyer[85], theobject-orientedpproachs themostfavorable
one. Thus, to satisfy the requirementof flexibility and codereuse,an object-
orientedcomponent-baseflamavork®?2 is proposed The purposeof the compo-
nent-basedramework is to supportboth white- and black-boxdesign. White-
box designis basedon inheritanceto adaptto a particularproblem. Designand
implementatiorhave to be well known, but provide greatflexibility. In a black-
box design,componentarereusedoy compositionwhich doesnot demandoo
muchknowledgeof the framework, but it comeswith lessflexibility. Run-time
efficiengy, however, is a crucial issuefor MD programs. The framevork must
addresghis from the beginning of the designandbe aware of languagespecific
pitfalls[18, 115]. Furthermoretheframavork mustbe designedo supportirans-
parentparallelization suchthatdevelopersarenotforcedto dealwith parallelism
issuesgvenin aparallelervironment.

The first part of the thesisis concernedvith the optimizationand extension
of the particular MD prototype SPRINGS developedby Jan Petter Hansen.
This work was carriedout to get somevaluableinsight information aboutMD
simulationsand requirementdrom MD applicationusers. SPRINGS is also
usedto investigateparallelizationschemedor MD applications,especiallythe
usageof new featuresof the MPI-2 standarde.g.,the one-sideccommunication
mechanism.

The secondand main part of the thesisconsistsof the designand devel-
opmentof a multi-purposeframevork for MD applications,with emphasison
designandimplementatiorof force algorithms.Therequirement$o a novel MD
framavork were motivatedby the knowledge of MD obtainedin the first part
andthe evaluationof advantagesanddravbacksof existing MD programs.The
main goal wasto develop a flexible, extendableMD researchplatform, neither
excluding run-time efficiency nor parallelism. The designof the framewvork and
its implementatiorPrRoToM oL® [63] wererealizedin collaboratiorwith JegisA.
Izaguirré and his students. Furthermore somedesignaspectsvereintroduced
from previouswork with the object-andcomponent-orientedraphicdframenork

2“A set of classesthat embodiesan abstractdesignfor solutionsto a family of related
problems. [65]

3“Good frameworkscanbe usedfor thingsthatthe designemever dreamecf.” [64]

4Departmenbf Physics Universityof Bergen.

SPROTOtypeMOL eculardynamics

5Departmenbf ComputerScienceandEngineeringUniversityof Notre Dame,USA.



BOOGA' [3,17,83,117.

1.1 Structure of the thesis

This dissertatiordescribeshe component-baseflameavork PROTOMOL andde-
tails the most essentialforce algorithmsand parallelizationaspects. Section2
startswith anintroductionof the physicalandnumericalbackgroundf MD sys-
tems.In Section3, anoverview of force computations presentedwith emphasis
on fastelectrostatidorce algorithms.Then,in Section4, differentparallelization
approachesvith focuson MD simulationsare discussedsomeaspectsare dis-
cussedn moredetailin theappendegyublicationgC] and[D]. Section5 details
the designandimplementatiorof the component-basefilamevork PROTOMOL.
Furthermorethe sectiongivessomepracticalexamplesof the extendibility and
optimizationthatis presentin PROTOMOL. Section6 containsconclusionsand
possibledirectionsfor futurework.

Appendix A is the collection of paperspublishedduring this thesis. The
publications[A] and [B] are MD studiesof large scale 2-dimensionalphysi-
cal problems. The simulationswere performedwith the prototypeMD program
SPRINGS. Paper|[C] is a detailedstudy of MPI’'s one-sidedcommunication
mechanisma featureof the MPI-2 standard. Publication[D] explainsan in-
crementaparallelizationapproachandits implementatiorinto PROTOMOL.

Paper A: T. Matthey andJ. P. Hansen.Moleculardynamicssimulationsof slid-
ing friction in a densegranularmaterial. Modelling and Simulationin
Materials Scienceand Engineering 6(6):701-707Novemberl1998.

Paper B: |. Skauvik,J. P. Hansen,and T. Matthey. Dynamicsof clusteringin
a binary Lennard-Jonesnaterial. Modelling and Simulationin Materials
Scienceand Engineering 8(5):665-676Septembe000.

Paper C: T. Matthey andJ.P. Hansen Evaluationof MPI’s one-sideccommuni-
cationmechanisnfor short-ranganoleculardynamicson the Origin2000.
In T. Segrerik, R. Moe, A. H. GebremedhirandF. Manne,editors,Applied
Parallel Computing New Paradigmsfor HPC in Industryand Academia
volume 1947 of In Lecture Notesin ComputerScience pages374-365,
Bergen,Norway, June2000. SpringefVerlag.

"Bernes Object-OrientedGraphicsArchitecture



Paper D: T. Matthey and J. A. Izaguirre. ProtoMol: A moleculardynamics
framavork with incrementalparallelization. In Proceedingf the Tenth
SIAM Confeenceon Parallel Processingor ScientificComputing(PP01)
Proceedingsn Applied Mathematics Portsmouth Virginia, March 2001.
Societyfor IndustrialandApplied Mathematic{SIAM).

AppendixB containsdetaileddiagramsof the designandthe hierarchyof the
forces. Appendix C includesthe implementationcodeof an actualparallelized
force. Appendix D.1 containssnapshotf four different molecularsystems.
AppendixD.2 givesan exampleof PROTOMOL usedin a studentcourse. Ap-
pendicedD.3 andD.4 roundup the thesiswith a gallery of resultsfrom ongoing
project collaborationson applicationsof PROTOMOL to very different setsof
particlesystems.



2 Physicaland Numerical Model

In classicaMD simulationsthe dynamicsaredescribedy Newton’s equationof
motion

misTi(0) = B @

wherem; is the massof aton? 4, Z;(¢) the atomic position at time ¢ and F;(t)

theinstantforce on the atom. Note that thereare otherformulationsto describe
the dynamicsof anMD system.e.g.,Lagrangiandefinition of classicalmechan-
ics[97, pp.42-44,Ch. 6] or Hamilton’'s equation47]. WhereNewton’s equation
of motion describesnature(to a certainextent) conservingthe enegy (NVE),

theseadvancedormulationsallow to modify thedynamicso achieve equilibrium
statessatisfyingcertainspecifiedrequirementsg.g.,constantemperaturéNVT),

constantpressure(NVP) or rigid molecules. Theseapproachesre more for

computationatorvenienceandbeyondthe scopeof this thesis;they werepartly
implementednto PRoTOMoOL [60] by otherdevelopers.

TheforceF; is definedby the potentialenegy

Fo= —VU(Z1,%,,...,Ty) + Feended 2)

whereU is the potential ,Fi@“e”dedan extendedorce (e.g.,velocity-basedriction)
and N thetotal numberof atomsin the system.Typically, the potentialis given

by

U = Ubonded+ Unon—bonded+ Ue(ternal (3)

Ubonded — Ubond+ Uangle+ Udlhedral+ Ulmproper (4)
Unon—bonded _

Uelectrostatlc+ ULennard—Jone.s (5)

Thebondedorcesareasumof O(N) terms.Thenon-bondedorcesareasum
of O(N?) termsdueto the pairwise definition. U®*™Ma coversadditionalinter-
actions,e.g.,electromagnetidields (O(V)) or evengravitation (O(N?)). UP°"
pandle grdinedral gnggrimeroper gefinethe covalentbondinteractiongo modelfiexible
moleculesln thisthesisthebondedorcetermsarebasednharmonicpotentials
and mimic physical effects basedon quantummechanics. Note that there are
otherformulationsto modeltheseterms,which arenotharmonicnecessarilye.g.,

8Atom is hereusedasanindivisible entity andinterchangeablysedwith ary massve particle.



Morse-potentials.U®ectostaticrepresentshe well-known Coulombpotentialand
ytennard-Jonegnndelsa vander Waalsattractionanda hard-corerepulsion.The co-
efficientsfor -enard-Jonesan be determinecdexperimentallyand/ortheoretically
e.g.,by abinitio quantummechanicatalculations.

The potentialfor bondinteractionds describedasa linearbondbetweentwo
atomsby a simpleharmonicspring

1 "
B (A ©)

whereK g is abondforce constant;; = #; — &, is thedistancevectorbetween
atoms: andj, andl,, is the equilibriumbondlengthbetweenthe atoms; andj;

m denoteghe bondindex. The potentialfor angleinteractionss describedasan
angularbondbetweerthreeatomsby a harmonicangularspring

1
yande — EKA O ), (7)

whereK 4 is anangleforce constantf,;, the currentangle,andé,, thereference
anglefor constraintm. Somesystemsalsoinclude the so-calledUrey-Bradley
term,a harmonicspringbetweeratomsi andk; Kug (||Z|| — rus)’, where K g
and ryg are Urey-Bradley parameters.Dihedral and improper (also known as
torsion)bondedforces[75] definethe interaction(torsion)betweenfour bonded
atoms.They aremodeledoy anangularspringbetweemlanesormedby thefirst
threeatomsandthe secondhreeatoms.The potentialfor a dihedralor improper
forcebetweermatomsi, j, k£, and!l is givenby

K;(1+cos(ng+0)) ifn>0

dihedral 7rimproper __

where K, is a torsionforce constant,¢ is the anglebetweenthe planesformed
by the atomsi, j, k andj, k, [, respectrely. n is the periodicityandé the phase
shift of the bond. The potentialfunctionfor an electrostatigairwise interaction
is givenby

UZ_ejIectrostatic: 1 g 95 (9)

4reg ||Z5;])

wheree, is the permittivity of free spaceconstantandg; andg; arethe chages
of atomsi and j, respectiely. Figurel shows the slowly decayingelectrostatic



interactionwith normalizedconstants The potentialfor the Lennard-Jonés(LJ)
pairwiseinteractionis

Uil}ennard—Jones_ Aij Bij (10)

= (12 = (18
Z55] 1 (125
where 4;; > 0 and B;; > 0 arethe LJ parameterdor atoms: andj. They
definethe enegy minimum and the cross-eer point, wherethe LJ function is

zero. Figure 2 shaws the attractve andrepulsie part of the LJ functionfor A,
B=1.
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Figure 1: Coulomb: y = z 1. Figure2: L):y =a 12 — 275,

2.1 Numerical integration

Newton’s equationof motionis anordinarydifferentialequationof secondordet
Its integrationis often solved by the numericalLeap-Frog® method,which is
symplecti¢! [127] andtime reversible. Despiteits low order it hasexcellent
enegy conseration propertiesandis computationallycheap. With At astime
step,z! andv! the coordinateand the velocity at time ¢, respectiely, a single
integrationstepis givenby

A
ot = vf—%+—tFt (11)
m

g = 2+ At'te, (12)

9Also calledLondon-vanderWaalsinteraction.
10The Leap-Frogandthe velocity Verletmethodarealgebraicallyequivalent.
1The Jacobiarof theintegratoris symplectic.




Thelocal error of coordinatesandvelocitiesis of orderO(At*) andO(At?), re-
spectvely. The name’Leap-Frog’hasits origin from thefactthatthe coordinates
andthevelocitiesareinterleavedin time. If necessarw!™! canbeobtainedoy

t+1 _ b+ ﬁFtH 13
v v + o . (13)
By reformulatingthe Leap-Frogandaddingtheforce evaluation,we candescribe

onecompletetime step((z?, v*) — (', v'™!)) of anMD simulationas

) A .
S (half akick) (14)
2m
2 = gt 4 Attt (adrift) (15)
F" = VU (@) + Fi 4 (evaluateforces) (16)
Pt = ptts 4 2A—tFt+1 (half akick). (17)
m

A completeMD simulationis describedoy Algorithm 1. It consistsbasicallyof
theloop solving the equationof motion numericallyandthe evaluationof forces
on eachparticle,andsomeadditionalpre-andpost-processing.

MD Simulation:
1. Construcinitial configurationof z°, v° and F©;
2. loop 1 to numberof steps
(a) Updatevelocities— Eq. (14);
(b) Evaluate forceson eachparticle— Eq. (15); (seeAlgorithm 3)
(c) Updatepositions— Eq. (16);
(d) Updatevelocities— Eq.(17);

3. Post-processing

Algorithm 1. Pseudo-code of an MD simulation.

Whenintegrating Newton’s equationof motion numerically the fastestmo-
tions restrict the time step At. For the Leap-Frogmethod,this is typically 1
femtosecondl fs = 105 s),assumingatypically MD systenof biomolecule¥’.

2Moleculesof biologicalorigin or relevance.




MD systemgonsistin generabf differentforcetypes,which alsohave differ-
enttime scalesof dynamics.Velocitiesof moleculesor singleatomsaretypically
afactorof 10-50slowerthantheintra-moleculamotions.Multiple time stepping
(MTS) integratorsaddresgshe differenttime scalesby splitting the forces— if
possible- by frequenciesandintegratingthemwith appropriatdime steps.The
splitting of forcesis definedby switchingfunctions,discussedh the next section.
MTS hasbeenusedto lengthenthe time stepfor mostof the interactionsin the
equationof motion. Furthermorepnealsohopegshatthelow frequeng forcepart
is the computationallymostexpensve part, sinceit is evaluatedlessfrequently
MTS is thereforearemedyto achieve betterperformancebut it comeswith some
additionalcomputationaivork.

A typical MTS integratoris the Verlet-1/rRESA [49, 118 methoddescribed
in Algorithm 2. The methodconsistsof splitting the force contritutionson a
taggedparticle into fastand slow components.If thesecontributions are com-
pletely decoupled,t is possibleto integratethe equationsof motion with dif-
ferenttime stepswhich are appropriatefor the slow and fast dynamics. Slow
componentaretakeninto accountonly every N time steps,wherethey actasa
kind of impulse,actingon the particle. A detailedevaluationanddescriptionof
integratorsand MTS methodsare beyond the scopeof this thesis;the readeris
referredto [7, 39,60, 57,79,129.

In particular researcherat the University of Notre Damehave implemented

v =o + S FL (half akick)
fork=0,..., N—1 do
e+l k£
N =yt 4 AR (half akick)
B+l
PRt 1 At S (adrift)
t+ t+ 5L
FooV = —VUas(z!t'%) (evaluatefastforces)
k41 k+1
R = gt 4 AR (half akick)
enddo
FiH = —VUgon(21) (evaluateslow forces)
vt =ttt 4 SV ptlg,, (half akick).

Algorithm 2: The Verlet-1/r-RESPA method.

10



MTS integratoralgorithms thatcoupledwith the fastelectrostatisolversandan
incrementaparallelizationapproachbothimplementedor this thesis) represent
asubstantiakpeedup.

2.2 Switching functions

Switchingfunctions(SW (r)) areprimarily for computationatonvenienceThese
functions modify (or filter) an original potentialand its force contributions to

achieve certainproperties(Figure 3). They aretypically usedfor the pairwise
non-bondednteractionsandaredistancebased.The modificationof the potential
andforce contributionsis givenby

U, = SW(llz5|)Uy (18)

!

F, = FuSW(||@;l]) — U VSW (|| 551)) (19)

ij
Themostimportantswitchingfunctionsare:

e Truncation(or shift): The potentialis truncatedat a certaincutoff distance
andis zerobeyond. A shift removesthe C°-discontinuityat cutoff distance,
but theforceis still discontinuougseeShifted in Figure3).

e Maodification: This bringsthe potentialandforcessmoothlyto zeroat the
cutoff distanceto avoid arny discontinuitiegseeModified in Figure3).

e Range!lt filtersthe potentialandforcesfor a givenpair distancerange.

0.2

i — Original potential, 1™+
018 - - - Modified
0.16}¢ - Shifted

0.14r Switchon
0.12f

0.1
0.08f
0.06f
0.041

0.02f

Figure 3: Two switching functions modifying the original potential 1.
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Switchingfunctionsare often usedin conjunctionwith MTS to split forcesinto
slow andfastvaryingparts.

2.3 Boundary conditions

For a completedefinition of the MD model,oneneedso specifyboundarycon-
ditions to definehow atomsor moleculesinteractwith their surrounding. The
selectiorof boundaryconditionsdepend®nthephysicalsystemandthequestions
of matter The mostrelevantboundaryconditionsare:

e Vacuum: no boundaryconditionsat all. It is generallyusedto testalgo-
rithmsor for studiesof singlemoleculesystems.

e Periodichoundaryconditions:particledeaving theunitMD cell arewrapped
around,re-enteringthe unit MD cell on the oppositeside. It is usedto
simulateaninfinite systemwith a small-sizedsystemge.g.,bulk liquids.

e Sphericalor cylindrical boundaryconditions(or constraints):cornvenient
for systemswhich fit the geometricalstructureandto presere the spatial
structuree.g.,waterdroplets. Typically, they areimplementedy external
forces.

A full discussiorof boundaryconditionscanbefoundin [2, pp.24-32].
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3 ForceComputation

The force evaluationin Algorithm 1 is definedby the sum of interactionsin
Eq. (3), wherethe particlesinteractwith eachother By expandingpoint 2b in
Algorithm 1 recursvely, the force evaluationfor atypical MD simulationcanbe
describedasin Algorithm 3. Notethatfor someparticularMD simulationsome
forcesmaynotapply, e.g.,SPRINGS consideronly systemawvith Lennard-Jones
interactionsandanoptionalvelocity-basedriction (seepublicationgA] and[B]).

Evaluation of forces
e Bondforces—Eq.(6);
e Angleforces-Eq.(7);
e Dihedralforces— Eq.(8);
e Improperforces— Eq.(8);
¢ Electrostatidorces— Eq. (9);
e Lennard-Joneforces- Eq. (10);

e Optionalor otherforces;

Algorithm 3: Pseudo-code of the force evaluation.

A forcetypeactingon oneparticularparticlemayin somecaseonly depend
on the particleitself (e.g.,friction), but otherforce typesaredefinedaspairwise
interactionsor by n-tuples,so-calledn—bodyinteractions.GeneralMD applica-
tionsdistinguishbetweerbondedandnon-bondedorces.Thetopologyof bonded
forcesareof statictypeanddoin generahotchangeduringthewholesimulation,
sothey canbedescribedvith simplestaticgraphrepresentationsl hey typically
modeltheintra-moleculaforces,which areshort-rangenteractions.The bonded
forcesarea sumof O(N) terms. The non-bondedorcesdescribeinteractions
betweenparticlesof dynamicbehaior andare generallydefinedby a pairwise
potentialin Egs.(9) and(10). Thesenteractionscannotbe determinedstatically
Generally they are of a long-rangenatureand dominatethe force calculation
by O(N?) compleity. Thus,they arethe mostcomputationakritical part and
optimizationshapperhere.
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One commonoptimization methodfor non-bondedforce evaluationsis to
truncateat a given cutoff distance(r.) to limit the numberof pairwise interac-
tions, only consideringthe closestneighbors.This canbe achiered usinga cell
list algorithm|[9][97, pp. 47-52] (seealsopaper[C]), or alist of neighborg97,
pp. 52-55]. However, simpletruncationleadsto discontinuitiesn the forcesand
it violatesenegy conseration for symplecticintegrators. One way to handle
cutoffs are switchingfunctions,which smoothlybring the enegy andthe forces
to zeroatthecutoff distanceo avoid ary discontinuities Truncationtogethemwith
switchingfunctionsperformswith O(N) time compleity andworkswell for fast
decayingpotentials,where the long-rangepart — beyond the cutoff distance—
is negligible, e.g.,van der Waalsinteractions(Figure 2). Furthermorepnecan
accountfor the neglectedenegy contritutionsin van der Waals potentials(or
othershort-ranggotentials)oy applyingalong-rangecorrection which assumes
thattheradialdistribution functiong(r) = 1;r > r. (cf. [2]).

For long-rangeinteractionswherethe contribtutionsdecayslowly (Figurel)
andthelong-rangeartmayhave asignificanimpactonthesimulationresultswe
needadwancedalgorithmsto avoid the directmethodwith O(N?) time comple-
ity. In MD, the electrostatianteractionsarethe mostdifficult problem,whereas
van der Waalsinteractionsare normally handledby cutoff techniques.Consid-
ering also the fact that the numericalintegration itself is of order O(N), one
canconcludethatthe mostcritical partin anMD simulationarethe electrostatic
interactiongn Algorithm 3.

3.1 Fastelectrostaticforcealgorithms

For systemawith partialchagesor highermultipoles theelectrostatiénteractions
play a dominantrole, e.g.,in proteinfolding, ligand binding, andion crystals.
Themostrelevantalgorithmsto solve electrostatiénteractionin lessthanO(N?)
time complity arediscussedn Sections3.2-3.5. Threeof thesemethodswere
implementedseeSection5.7).

3.2 Standard Ewald summation

A generalpotentialenegy function U of a systemof N particleswith aninter
action potential ¢(Z;; + 77) and periodic boundaryconditionscan be expressed
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as

U=3 5SS b+ i), (20)

-

A i=1 j=1

where) . is the sumover all lattice vectorsii = (Lyny, Lyny, L,n,), ngy,. €

N and L, , , arethe dimensionsof the unit MD cell andz;; = Z; — #,. The
“daggered’(") summationindicatesthe exclusion of all pairsi = j insidethe
original unit MD cell (7 = 0). Most molecularforce fields provide exclusion
schemedo exclude additional pairs, e.g., the so-called1-3 exclusionexcludes
directly connectegairsandpairswith a directcommonneighbor Furthermore,
someexclusion schemegnay also modify the potentialby a factor for certain
pairs.

If thepotentialy satisfies

6(Z)] < Al7| 7 (21)

for large enoughz and A > 0 ande > 0, thenthe sumin Eq. (20) is absolute
corvergents,

Inequality(21) is notsatisfiedoy the Coulombpotentials(Z;;) = cqiq;| %],
suchthattheinfinite lattice sumin Eqg. (20) is only conditionallyconvergent®. In
caseof the Lennard-Jonepotential ,the sumis absolutelyconvergent.

Thewell-known Ewald summatiormethod34] is in generalusefulin systems
with large, spatialpotentialdifferenceswherethe summationover oneunit cell
doesnot corverge sufiiciently, i.e., the lattice sumis not absolutelycorvergent.
Thelattice sumwith the Coulombpotentialis usuallyexpresseas

N N
- 1 1 t q:4q;
[yelectrostatic__ - E E 4 22
dreq 2 ; P |fij + 17| (22)

To overcomethe conditionallyandinsufficient corvergenceof Eq. (22), the sum
is split into two partsby thefollowing trivial identity
T flr)  1=f(r)

= + . (23)
T T T

The basicideais to separatehe fastvariation part for small » andthe smooth
partfor large r. In particular the first part shoulddecayfastand be neggligible

3Thesumconvergesanddoesnot dependn the orderof summation.
14The corvergenceof the sumdependn the orderof summation.
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beyond somecutoff distance whereashe secondpart shouldbe smoothfor all
r, suchthatits Fouriertransformcanbe representethy a few terms. Ewald [34]
suggestedo choosea Gaussiarcorvergencefactor g(s, i) = e~*I"” suchthat
the sumbecomeqsee[76] for a detailedmathematicatlerivation of the Ewald
summation)

i=1 j=1

- t erfc(aly; + 7))
Uelectrostatlc — ij
47T€0 ; ZZQZ Bz Al

Real-sf:)raceerm

2
E q; COS Z

Reciprocal-spacterm

11
+ —e 4a

60V2 ;sin(k - 2;)

N; N;j

M
1 !
Y LY na
j=1 k=1 1=1 L

- o

Intra—moleculalselfenegy

&L
ZQZ - 860‘/(12 12:1:%,

Ars €0 =1
Pointselfenegy Chalgedspstemterm

erf a|x.7k]l|) (24)

Here,« is thesplitting parameteof therealandreciprocalpart. For anoptimal o
theEwald summatiorscalesasO(N%) [34,36,89] in Eq.(26).T ' isthe“inverse
daggered’summation.The intra-molecularself term correctsinteractionson the
samemolecule whichareimplicitly includedin thereciprocal-spacterm,but are
notrequiredin theexclusionmodel. Self interactionsarecanceledut by the self
pointterm. The chagedsystemtermis only necessaryf thetotal netchage of
the systemis non-zero.Note, thatsomeMD systemshave an additionalsurface
dipoletermto modeldipolarsystemsnoreaccurately{76, 122]. Thistermis not
suitedfor mobileions, sinceit will creatediscontinuitiesn the enegy andforce
contributionswhenionscrossboundaries.

16



Theelectrostatidorceon particles is givenby

electrostatic __ electrostatic
F, = —ViU

N —_ — — —
_ qi ZT Z ' erfc(a\xij + n\) 2_Oée_a2|fij+m2 Tij+n
g VR g+ 7P

Real-s;:)raceerm

i} N N
+ — Z qiﬁe_zta_? [sin(k - 75) Z g; cos(k - ;) — cos(k - ;) qu sin(k - 33'])]
Jj=1 7j=1

. J/

Reciprocal-spacterm

—

g 1 -1 |:20,/ — Q2|2 erf(a|fij\)} L5
U T ot 1 25)
4Teq 2 Z RV |Zi5] |Z5]?

Intra-moleculaiterm

FurthermoretheEwald methodcanalsobeusedor vanderWaalsinteractiong21,
67] and several other potentials[43, pp. 237-256],[76. The computationalef-
ficiengy and accurag for 2-dimensionalperiodic boundaryconditionsin a 3-
dimensionalsystemis discussedn [69]. The casewith 1-dimensionabperiodic
boundaryconditionsis addresseth [74]. To someextent,vacuumsystemsanbe
treatedby imposingperiodicboundaryconditions.Thedimension®f theoriginal
unit cell arechosenbig enough,suchthatthe contributionsbetweencell images
arenggligible. In practice thedimension®f theunit cell areafactorof 100 larger
thanthe minimal boundingbox of particles.

Choiceof parameters

The accurag andperformancef the Ewald summationis governedby the split-

ting factora, thereal-andreciprocal-spacérm cutoffs r. andk,, andthe accu-
ragy e. The splitting parameter defineshow fastthe sumscorvergeanddefines
the cutoffs r. and k. for a givenaccurag e¢. For mostapplications,r. is small
enoughsuchthatr € {6}, which alsosimplifiesthe sumfor thereal-spacéerm.
Both the real- andreciprocal-spacéerm corverge rapidly, suchthat only a few

termsneedto beconsideredFor therealpartonly termssatisfying|Z;; + 71| < 7.

areincluded,whereador the reciprocalpart only summandswith |E\ < k. are
evaluated.
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FromEq.(24)it is obviousthatfor agivenaccurag andafixed« therequired
work scalesasO(N?) for thereciprocaltermandasO(N) for therealterm. To
achieve anoverallwork compleity of O(Ng ), & mustvary with N

0 = ofF (Vﬁ) : (26)
r, = _alne 27)
ke = 2av—Ine. (28)

Here,V is thevolumeandthe constant determinesheratio of executiontime of
the realandreciprocalterm, which may vary from oneplatformto another The
standarcEwald summationis unsurpassetbr very high accurag. It is relatvely
easyto implementandthe desiredaccurag canbe increasedand controlledup
to machineprecisionwithout ary additionalprogrammingeffort (seeFigure11).
Due to theseexcellent properties,the Ewald methodis often usedasreference
for the evaluationof othermethodswith periodicboundaryconditions. A more
detaileddiscussiorfor the optimal choiceof o andmoreaccurateerror estimates
canbefoundin [27, 36,71, 90].

3.3 Mesh-basedEwald methods

The mesh-basedEwald methodsapproximatethe reciprocal-spacgerm of the
standardEwald summationby a discreteconvolution on an interpolatinggrid,
using the discreteFast-Fourier transforms(FFT). By choosingan appropriate
splitting parametery, the computationalcost can be reducedfrom O(N 3) to
O(Nlog N). The accurag and speedare additionally governedby the mesh
sizeandtheinterpolationschemewhich makesthe choiceof optimal parameters
moredifficult. At presentthereexist severalimplementationdasednthisidea,
but they differ in detail. In [27] threeessentiaimethodsare comparedand sum-
marized: particle-particle-particle-mes[b4] (P*M), particle-meshEwald [26]
(PME) andsmoothparticle-mestewald [33] (SPME).

Unfortunately the mesh-basedEwald methodsare affected by errorswhen
performinginterpolation, FFT, and differentiation[90]. However, it would be
misleadingto infer that thesemethodssacrificeaccurag in favor of run-time
performance.

For the fast mesh-basedwald methods,there exists a critical number N*
suchthat they are fasterthan the standardEwald methodfor N > N*, due
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to the fact of betterscaling. In [70], the computationakfficiency and accurag
with 2-dimensionaperiodicboundaryconditionsfor 3-dimensionakystemsare
discussed.

3.4 Multi-grid

Multi-grid (MG) wasintroducedn the1960sby Fedorenk [35] andBakhwalov [5]
to solve partial differentialequations.It got full attentionin the 1980s,but only
recentlyit hasbeenmappliedandimplementedor N-bodyproblemq13,107. MG
scalesasO(N).

MG imposesa hierarchicakeparatiorof spatialscales.The pairwiseinterac-
tions aresplit into a local anda smoothpart. The local partarethe short-range
interactionswhich arecomputeddirectly. The smoothpartrepresentshe slowly
varying enegy contributions,approximateadvith fewer terms— coarsening MG
usesgriddedinterpolationfor boththe chages(source)andthe potentials(desti-
nation)to representts smooth— coarse— part. The splitting andcoarseningre
appliedrecursvely anddefinea grid hierarchy(Figure4).

Point Charges Potential values

1 () |3
-1 4)

T W L : : i

| | @
1 N

b x©)
0 .......:0. (4) d .-'.. l..l.

o"...:o e

Figure 4: The multilevel scheme of the multi-grid algorithm. (1) Aggregate to
coarser grids; (2) Compute potential induced by the coarsest grid; (3) Interpolate
potential values from coarser grids; (4) Local corrections.

19



For the electrostatigotential,the kernelis definedby G(r) = r~! andr =
||7 — Z||. G(r) is obviously not boundedor smallr. Theinterpolationimposes
smoothness$o boundits interpolationerror. By separationthe smoothedernel
(smoothpart)for grid level k € {1,2,...,l} is definedas

ko (m G, (17— Tll) = (|7 — Tl < sp

Gsmoot > T3) = { G(T|i~‘j ]— &) otherwise ' (29)
Here, s, is the softeningdistanceat level £ andG;, (r) is the smoothingunction
with G, (sk) = G(sx). We defines, = a* s, typically a = 2, togethemwith a
correspondingonstantsequencef levelswith coarseningatios1 : a. G, are
definedby a polynomialparameterizedy s, (Figure5) with C™-continuity. Note
thats, andthecoarseningatioscanbe definedmoregeneralputit mayinfluence
performancendaccuray, especiallyif s, /hy arenotof thesameorder[13, pp.6-
31].

—— Original Kernel
- - - Smoothed Kernel, s=1
2.5 - - Smoothed Kernel, s=2

0 0.5 1 15 2 25 3

Figure 5. A plot of the original kernel r—! and two smoothed kernels
Gt ootn(TisT;) with softening distances s = 1 and s = 2. G4(r) =

1 (% -2 (1)2 + 3 (£)4), G,(r) is C?-continuous.

S S S

The correctionsof the potentialsare requiredwhenthe modified, smoothed
kernelis usedinsteadof the exactone. Thecorrectionof thekernel(local part) at
level & is givenby

o G(r) — G (r) : r<so,r=]|x; —Z;
Geon(Tis Tj) = {0() o : other?/vise W H (30)

S5 o Gk r)—Gs (1) @ r<spr=||T;— T
Glgorr(xiamj) — { 0smooth( ) k( ) Otherl\cNise || J || ) (31)
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Note that G%,.(7;, 7;), k > 1, canbe pre-computedndrepresentedy a single
tablewith the correspondingre-factor a~(*~1) imposinga constantcoarsening
ratiol : a,a € N, a > 1 ands; = a~ %=1,

We defineaninterpolation/**+! : V¥+! — V'* of orderp with local support,
where V* representghe potential valuesat grid level k£, and VV° the particle
potentials. The anterpolatior(or adjointinterpolation)is definedby A* : Q* —
Q**', whereQ* arethechagesatgrid level k andQ® aretheparticlechages. X*
arethelatticeor particlepositions(X° = {Z;}). We canthendescribearecursve
MG schemaewith [ levelsby

Q= A¥Q) (32)
Vi o= Glscmooth(kaXk)'Q(Xk) (33)
VE = IV 4 Geon(XF, XF) - Q(XF) (34)
P - %Vl.Ql (35)
Fro= ) aVVi(X)). (36)

Xjex(g;)

X (%;) denotesthe lattice points where #; haslocal supportfrom 7. By re-
formulating Egs. (32-36),the MG schemecan be describedasin Algorithm 4,
defininga V-cycle TheV-cyclereflectsthe orderin whichthe gridsareused;the
algorithmtelescopesiown to the coarsesgrid, andthenworks its way backto
thefinestgrid, describinga V. The pseudo-codér main handlegheaggreation
from the interpolationto the particlesand computeghe force contributionsand
thetotal enegy. multiscale recursvely performsthe aggreationof chages,the
interpolationof potentialvaluesandthe local correctionasdepictedin Figure4.
Dueto the uniform grids, the interpolationcoeficientscanbe pre-calculateé&nd
representetly onel-dimensionasetof coeficients. Thesameholdsfor thelocal
correction,sincethe softeningdistances proportionalto its correspondingnesh
size.

Assuminguniform grids, a constanicoarseningatio of 1 : 2, a p-orderinter-
polation,h themeshsizeof thefinestgrid andanaverageparticledensityp® = %
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main:

w0 b F

5.
multiscale(maxLevel, level k):

1.

2.

anterpolatgositionchagesto thefinestchagegrid(1) — step(1);
call multiscale(maxLevel, level 1);

interpolatefinestpotentialgrid(1) to the positionpotentials- step(3);
correctpositionpotentials- step(4), Eq. (30);

computeforcesandtotal enegy — Eqgs.(35-36);

if maxLevel = k then
(&) computepotentialvalueson coarsesgrid(maxLevel) — step(2), Eq. (29);
otherwise

(a) anterpolateehagegrid(k) to coarserchage grid(k+1)— step(1);

(b) call multiscale(maxLevel, k+1);

(c) interpolatecoarseipotentialgrid(k+1) to potentialgrid(k) — step(3);
(d) correctpotentialgrid(k) — step(4), Eq. (31);

Algorithm 4: Pseudo-code of a recursive multi-grid scheme with V-cycle.

boundedby someconstantthework at particlelevel andfor level  is givenby

1 4
a = CpiN'gﬂ'S?)p?) (37)
1V 4
E o _ k—1_\3(ok—17\—3
ad,d®, = C/Np* (39)
1%
aj,afy = CIWP- (40)

Here, a% denotesthe work for the local correctionat the particle level, af, is
the work for local correctionsat the grid level or the potentialevaluationfor the
coarsesgrid. a?, a%, a¥, anda” representheinterpolationandaggreationwork.
Cp, Cg and(C; areconstantgo weighthe differentwork. For [ — oo, thetotal
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work is

l I
2 64
ap + Z ak, + Z(alf +dfy) = gWN(/)S)?' (CP + CG7(hP)6) (41)

k=1 k=0

8 1
20;N 24 = .
2 p(p +7<hp>3p)

Thus, the total work is boundedby O(N). Balancingthe work of a% and " a%,

leadsto thechoice
2./ Cq
h=={ 42

which is independenbf the softeningdistances. In generalwe candeduceh =
O(;), whereaghework of 3~ aj + af; is dominatedoy thetermsa§ anda’; andis
of orderO(Np?), essentiallythe interpolationbetweerparticle positionsandthe
finestgrid. Finally, thetotal work is givenby

3
0 (N ((%) +p3)> . (43)
The accurag is governedby the size of the interpolationerror of the smooth
part. Theinterpolationerrordepend®nthesmoothnessf thekernelG, themesh
size h, andthe interpolationorderp. Assuminga C"-continuouskerneland at

leastn orderaccuratdnterpolation,the relative force error of the smoothpartis
O (%). Thus,thetotal relative force erroris

hP
0 (W) | (44)

A detailederrorestimationof MG is givenin [107].

In[13, pp. 6-31], the performanceas comparedvith thedirectmethodfor a 2-
dimensionabkystemof chagesanddipoles.Iin [107], MG is comparedgainsthe
fastmulti-pole methodthatis implementedn the parallelprogramDPMTA [95]
for watersystems.As expected,experimentsfrom [107] shaw thatfor s — oo,
MG corvergesto the direct methodandthe error dropsto zero monotonously
Thework increasesnonotonouslywith s, until s is largeenoughto encompasall
pairsandremainsconstant.Furthermorejt wasindicatedin [107] that MG has
stabledynamicsfor muchlower accurag thanmulti-pole methods.
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3.5 Multi-pole methods

The multi-pole methodcanbe dividedinto two key componentsFirst, the short-
rangeinteractionsare computeddirectly. Second,individual particlesinteract
with groupsof distantparticlesrepresentetdy multi-pole expansionsThe multi-
pole expansionexpresseshe interactionbetweena collectionof particlesandan
individual, well-separategbarticle. Well-separatedneanghatthe distanceto the
sphereenclosingthe distantparticlesis larger thanthe radius. The subdvision
into groupsusesa hierarchicalspatialdecomposition(typically an oct-tree). A
multi-poleexpansions calculatedor eachsub-cellatthefinestlevel representing
the effect to distantparticles. Theseexpansionsare aggreatedhierarchicallyto
representarger andlarger groupsof particles(upward pass). Thenthe particles
interactwith sufficiently far apart(well-separated¥ub-cells,coveringthe whole
domain. Thus, ever-larger sub-cellscan interactthroughindividual multi-pole
expansionsat increasingdistance.A first practicalalgorithm (Barnes-Hut)with
work compleity O(N log N) wasappliedto astrophysicasimulationg6].

Greengardand Rokhlin [48] introduceda local expansionreducingthe work
compleity from O(Nlog N) to O(N). This is known as the fast multi-pole
method(FMM). The key ideaof the local expansionis the interactionbetween
two well-separatedroupsof particles. The contribution dueto anothergroup of
particlesthatis sufficiently far apartis computedby a Taylor (local) expansion
utilizing the multi-pole expansionof the distantsub-cell(local expansion).Then
thecontributionsarepassedrom parentcellsto the childrensub-cell§fdownward
pass).

FMM hasbeenimplementedor differentMD applicationd11, 48, 73] andis
especiallysuitedfor parallelization93, 95, 96, 123. However, optimizedFMM
codestendto beratherelaborate More importantly they do not consere enegy
during MD simulationsunlessenforcingunusualhigh accurag, e.g.,12th-order
multi-poles[10, 128]. Typically, the electrostaticproblemcomeswith usually
small distributions of mono-polemomentsthat causeself cancellation;positive
andneggative chagesareroughly canceled.

3.6 Other fast electrostatic methods

Thereexist mary fastelectrostatianethodsandimplementationsTypically, they
arerecombination®f thesewell-known methodsor they recastpartsin yet other
formsthatareevaluatedusingother generahumericalmethods.

For example,in [29] the real-spaceerm of the standardewald method(first
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termof Eq. (24)) is evaluatedby multi-pole approximatiorusinga treecodeand
recursion. The multi-pole approximationmethodbasedon Taylor expansionof
orderp scalesasO(N). Theauthorslaimarelative averageforceerrorin Eq. (47)
of 10~ with a Taylor expansionof order10. The trade-of is aboutN = 15000
comparedo the standardewald method.

The Fast-Fourier Poisson(FFP) method[126] (O(N log N)) implementsthe
reciprocalpart by the solution of Poissons equationin periodic boundarycon-
ditions, with Gaussiarchage densitiesas sources.Poissons equationis solved
directly usingFFT. Theadwantagas thattheenegy partcanbe evaluateddirectly
in thereciprocalspacetherebyavoiding areverseFFT. Theforcesrequireonly a
localsummatioroverthegrid sincethedensityof the Gaussiarscreeningunction
is highly localized. In [100], the Poissonequationis solved by a multi-grid
approach{O(N)).

The particle-particleparticle-mesh/multi-polexpansion104] (P*M/PME,
O(N log N)) is basicallyanextensionof the PM [54] methodfor periodichound-
ary conditionsusing multi-pole expansions. The cell multi-pole method[28]
(CMM, O(N)) sharesthe key featuresof the multi-pole methods,but it uses
Cartesiarcoordinateonly, unlike the otherformulationsthat usesphericalhar
monics. The reducedcell multi-pole method[28] (RCMM, O(N)) is the exten-
sionof CMM for periodicsystemswherethe infinite periodiclattice is handled
by the standarcewald method.Themacroscopienulti-polemethod73] (MMM,
O(N)) is basedon FMM techniquedo treatperiodicsystems.A moredetailed
summaryis givenin [117].

Finally, we mentionthat thereexist several implementation®f fastelectro-
static methodsthat are especiallyadaptedfor multiple time steppingintegrator
scheme$7, 8,10,68,72,129].
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4 Parallelization

A typical MD simulationis describedby Algorithm 1. The work requiredfor

the numericalintegrationis of order O(NN), which canbe carriedout indepen-
dently for eachparticle. The calculationof forcesscalesas O(N?), dueto the
dominatingnon-bondedbairwise interactionsin Egs. (9) and (10). The force
evaluationis thereforethe mostcomputationallyexpensve part. Evenfor O (V)

interactiongheforcestypically dominate sincetheintegrationis relatively cheap
to carryout. Neverthelessthetermsof the sumof interactiondJ (71, %, . . ., Zn)

areindependent.Altogether this makes MD — to a certainextent — inherently
parallel. Thishasbeenexploited by several paralleIMD programd4, 14, 22, 23,

32,53,77,81,86,91,98,110 124,125].

WhenparallelizingMD, therearetwo importantconsiderationto malke. First,
the MD programmustperformwell for asmallnumberof particles;.e.,lessthan
1000. Thereare several intereststo carry out simulationswith a few thousand
particlesoveralongtime scaleg.g.,aproteinfolding simulationwith integration
time stepof 1 fs (10~'° s) over 1 ms(10~2 s). Secondthe MD algorithmsshould
scaleto be ableto exploit parallelmachines.

To meetthe computationatiemandsthereareseveralsequentiabptimization
approaches thefirst optimizationstep.Theapproachesanbeclassifiednto ad-
vancedntegrationschemegi.e., MTS, p. 9) andfastforce evaluationalgorithms
handlingtheexpensve non-bondedorces(Section3). Typically, theseechniques
are combined[129]. For the parallelization,therearefive basicstratgjies[39,
109:

¢ Cloning simply assignsachindependensimulationto onesingleproces-
sor. This approachis very efficient (ho communication)and easyto im-
plement,but its applicationareais ratherlimited (e.g.,ensembleveather
forecast).

e A masterslave approachallocateswork amongslaves. It hasboth com-
municationandload balancingdifficulties, especiallyfor a large numberof
processors.

e Atom decompositionbasedon datareplicationis an easybut memory-
expensve approach.It haspoor scalingpropertiesdueto global commu-
nication[91]. Programsusingthis decompositionnclude UHGromos[22],
Amber[121], CHARMM [15], Moldy [98], andanearlyversionof EGO[31].
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Systolicor hypersystolidoop algorithmg[78, 114 areapossibleremedyto
reducethe memoryusageandto improve the scaling.

e Force decompositioninvolves either force matrix or systolic loop meth-
ods. It scalesbetterthan atom decompositionby reducingcommunica-
tion coststhroughthe useof a block-decompositionasin LAMMPS [92],
CHARMM [55] andPrRoTOMOL [D], andasdiscussedhn [87].

e Spatialdecompositioruseslinked lists andscalesvery well [80], but it is
moredifficult toimplementandextend. It isusedn ddgmq[16], SIGMA [53],
NAMD?2 [66], PMD [125], EulerGromog22], DMMD [4], andevaluated
in [9], SPRINGS (seepaper[C]).

4.1 Load balancing

A goodload balancingof the computationalwork in a parallelervironmentbe-
comesmore importantfor a large numberof processorg66, 86] (seeTable 1
in paper[D]). Therearetwo main approachesnamely staticanddynamicload
balancing.

Staticloadbalancings usuallyappropriatavhenthe computationalork load
definedby the sumof all interactionsU (%, s, .. ., Zx) can be estimatedand
distributed equally amongthe processorsvithout any run-timeinformation— at
leastfor the mostexpensve parts. In caseof a non-bondedorce including the
wholedomainor abondedorce,we cansimply distributetheinteractionsequally
amongthe processorssince interactionsare known for the whole simulation
duration. Optionally, onemay also considerspatialinformationto reducecache
trashingor communication. For the non-bondedorceswith cutoff, one hasto
distributepairsof spatialsub-domaingontainingnteractioncandidatessincethe
interactingparticlepairsarenotstaticallydefinedandchangeduringasimulation.
The sub-domainsredefinedby a cell list algorithm[9][97, pp. 47-52] (seealso
paper[C]). Typically, one assignsgroupsof sub-domainpairs, wherea group
containsall essentiakub-domairpairsto computeall interactionsfor onegiven
sub-domain.The approachassumeshateachgrouphasawork load of the same
order The adwantageof static load balancingis that we do not needexplicit
communicationto (re-)distritute the work, but it generallydoesnot scalefor a
large numberof processorsr for smallsystems.

Dynamicload balancingcan be doneeitheron a local or on a global level.
In caseof local load balancingneighboringprocessorsry to balancetheir work
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amongeachother Globalbalancingrequiresseveraliterationsto redistritute the
work evenly amongall processordut leadsin generalto a betterdistribution of

the work. The work can be either assignedon demandor implicitly with the
help of someestimatedrom previous distributions. The work is split up in the
samemannerasfor staticbalancing.In caseof dynamicassignmentthe master
distributeswork to the next idle slave. The assignedvork shouldbe asbig as
possibleto reducethe communicationbetweenthe masterand the slaves, but

small enoughto balanceout the total work amongall slaves. One remedyfor

globalsynchronizations to usethe sameestimategor severaliterations thereby
combining the advantageshoth from dynamic and static load balancing. The
estimatesaregenerallyvalid for alongerperiod,dueto the factthatthe particle
dislocationis small or only local. However, for medium-sizedID purposeand
a moderatenumberof processorsywe canhandleglobal load balancingby one
masterglobally, whereador massvely parallelmachinesve needa hierarchyof

severalmasters.

4.2 Parallel programming paradigms

Today parallelprogrammingtechniquesave corvergedto two main paradigms.
MPI1® [41] is a standardor message-passirtasedparallelprogramsn C/C++
andFortran. It supportsFlynn’s taxonomy[37] of MIMD ¢ andprovidesa wide
variety of message-passirfgnctionalities.M Pl wasalreadywidely usedbefore
its initial standardappearedn 1995. It supportspoint-to-pointandglobal com-
municationbasedon sometransporiayer (e.g.,Soclkets). With MPI-2 [40], one-
sidedcommunicationand processspavning was introduced. One of the major
advantage®f MPI is therich functionality, relatively low thresholdof usageand
the compliancefor both distributed-memoryand heterogeneousrnvironments.
Most hardware vendorsprovide well optimized,natve implementationsbut not
mary of thesesupportthefull setof MPI-2 extensions.

OPENM P’ [88] is anapplicationprograminterface(API) thatsupportsnulti-
platformshared-memorparallelprogrammingn C/C++ andFortran. It supports
Flynn’s taxonomyof SIMD?8, Its specificationis a setof compiler directives,
run-timelibrary routinesand ernvironmentvariablesthat can be usedto specify
sharedmemoryparallelism. The directivescanbe seenas*“hints” to compilers
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to parallelizethe code. Although OPENMP is a relatively new standardandits
first specificatiorappearedn Octoberl1997,it hasgainedtremendoupopularity
Oneimportantfactoris thelow learningthresholdandeaseo parallelizeexisting
sequentiatode. The parallelizationis fine grainedandit scalegatherwell for a
moderatenumberof processorsit is actuallyonly supportedn shared-memory
ervironments,dueto the factthat distributed-memoryervironmentshave a high
lateng to accession-localmemory whichis problematicfor fine grainedparal-
lelism. Furthermorethe memorycannotbe controlledexplicitly, suchthatcode
anddatamay be distributedamongdifferentprocessors.

In the past,several other parallelprogrammingparadigmsvereused. Today
mostof themhave lost their importance(e.g.,PVM [46]) or never really gained
wide acceptancamongsoftwareandhardwaredeveloperqe.g.,HPF),dueto the
lack of portability, a high thresholdto use(e.g.,Pthreadspr exploring only one
key requirement.

4.3 Two parallel implementations

Two different parallelizationstratgjies were implementedand evaluatedin this
thesiswork. Thesearedescribedelow.

4.3.1 Spatial decomposition

SPRINGS is anMD programthattargets2-dimensionaphysicalproblems(see
papers[A] and [B]) with short-rangevan der Waals interactionsin Eq. (10).
The simulationregion is split into rectangularcells and domains(collection of
cells) are distributed amongthe processors.This is reflectedby the multi-cell
algorithm,[9,[97, pp. 47-52],organizingthe spatialinformationof particles(see
paper[C]). The parallelizationis basedon MPI usingdifferentcommunication
stratayies, including the one-sidedcommunication(Figure 6) featureof MPI-
2. Furthermore SPRINGS supportsa variety of partitioningsof the simulation
region to testthe communicatiorstrateies. Detailsand resultsof performance
testswith upto 107 particlesand128processorarepresentedn publication[C].

4.3.2 Incrementalparallelization approach

PROTOMOL is a general-purposeomponent-basedlD framevork basedonin-
crementalparallelization[D]. The approachencapsulatethe parallelizationde-
tails and providesmechanismso postponehe developmentof a parallelimple-
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Figure 6: Data exchange based on one-sided communication. (1) put():
processor p0 'exposes’ its data to other processors; (2) get(): processor pl 'grabs’
needed data independently of p0.

mentationgvenin aparallelervironment.With co-existing parallelandsequential
implementationsye cantransparentlypenefitfrom alreadyparallelizedpartsin
the framework, andeasily experimentwith nev methodsby insertingsequential
code.

The parallelizationitself is basedon rangecomputationwith a masterslave
concept. The slaves are assignedon demanda range (work-command)by the
masteywhich represents collectionof termsof the sumof all interactiond/ (#,
T, ..., Tn). The splitting of eachparallelforce is definedand implemented
individually, suchthat eachforce providessplitting (or distribution) information
for the masterbasedon its own characteristiandthe actualsystem. The work
definedby therangeshouldbe asbig aspossibleto reducedhe communication,
but smallenoughto balanceout the total work for onetime step. The framevork
assumeshat eachrangeof a single force representgomputationalwork of the
sameorder In somecasesa completeforce type is assignedo oneslave, i.e.,
whenno parallelimplementations provided. After calculatingall interactions
(completionof step2b in Algorithm 1) the force and enegy contrilutions are
globally updatedoy the framewvork. Theinitial implementationis basedon MPI
anddatareplication. This may not scalewell for a large numberof processors.
Neverthelessit is provento performwell for a moderatenumberof processors,
l.e.,upto 32. Detailsandresultsarepresentedn publication[D].
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5 The PRoTOMOL Framework

MD programsmay substantiallydiffer in designor level of implementationput
they areessentiallyall basedn Algorithm 1. TheproposedD component-based
framavork distinguishes?RoToM oL [63] from otherwell-known MD programs,
suchasGROMOS [119], Amber[121], CHARMM [15]. A programwith sim-
ilar goals,which provided the initial ideabehindPrRoTOMOL, is NAMD2 [66].
However, NAMD2’ s designgoalis primarily high scalability

By revisiting andlearningfrom theseMD programsthreemainrequirements
wereaddresseduringthe designof the framework:

1. Allow end-usergo composeantegratorsandforce evaluationmethodsdy-
namically Thisallowsuserdo experimenwith differentintegrationschemes

2. Allow developerdo easilyintegrateandevaluatenovelforcealgorithmsand
integrationschemes.

3. Develop an encapsulategbarallelizationapproach,where sequentialand
parallelcomponentgo-exist.

Easily customizedorcesandinterchangeabletegrationschemesave emepged
as importantrequirements. For the last decade,several new ways of solving
Newton’s equationof motion basedon multiple time stepping(MTS) have been
developedthatimproved performancedramatically[7, 39, 60, 57,79, 129]. It is
usually necessaryo carefully tune all partsof the MTS schemeto get the full
benefitsof this technique.Thus,to experimentandto evaluatenewv anddifferent
integration schemestheir dynamic compositionand configurationis essential,
ratherthanto changehe sourcecodeandrecompileit. Thisis discussedn more
detailin Section5.3.

For the developer it is importantto provide an experimentalplatform anda
designof loosely coupledcomponentsn which one caneasilyadd novel force
algorithmsor defineandimplementnew potentialsin an orthogonalway. This
meansalsothatalgorithmscanshareoptimizationscommonto all of them.Sucha
framavork will hopefullyin thefuturealsosene asaplatformfor fair comparison
of differentalgorithms.

A major problemof most parallelMD applicationsis that the developeris
forcedto take into accountparallelismissueswhen modifying the code. This
is inappropriatevhen only implementingandtestingexperimentalideas. Thus,
parallelismmust be encapsulate@nd we must allow that both sequentialand
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parallelimplementationsan co-exist. Therefore,a designwith anincremental
parallelizationapproachis proposed. It suggestshat the applicationdeveloper
may startwith a sequentialmplementatiorof the algorithm,while transparently
benefitingfrom alreadyparallelizedpartsin the frameavork. At alater stageone
may parallelizethewhole new algorithm. The parallelismitself is basedn range
computatiorwith amasterslave concept.More detailsarediscussed paperD].
Section5.8.2givesapracticalexampleof how anexisting sequentiaforce canbe
parallelized.

On the otherhand,the designanddevelopmentarealsouserandapplication
driven:

1. Componentgo implementsophisticatedntegratorsandfastforce evalua-
tors,suchasMOLLY [44, 45, 58, 59, 60, 62] andDissipatve Molly [82],
and multi-grid summation[13, 107], PME methods[26, 27, 33, 54], and
standardewald summatior{34].

2. Facilities to compareaccurag of force methods,and to make decisions
concerningoptimalparameterandmethodor agivenaccurag andsystem.

3. Componentso time performanceandanalyzeparallelscalability

4. Ability toincorporatenethoddo performgenerakimulationbasen New-
ton’s equationof motion, e.g.,the solarsystem.

5.1 Object-oriented vs. traditional procedural programming

Theuseof object-orientegprogramming OOP)comparedo traditionalprocedu-
ral approachesasa trade-of whenit comesto run-time efficiengy. The OOP
introducessomelanguageconstruct-dependemverhead ,which variesstrongly
on the software designandthe actualimplementatiorof the problem. C++ and
to someextendFortran90 areexamplesof languagesvith built-in supportof the
OOP paradigm. Both languageshave inheritedtheir proceduralpart from their
ancestorsC and Fortran 77, respectiely. C++ supportsgenericprogramming
(e.g.,templates)and (multiple) inheritanceenablinggreatflexibility andeaseof
codereuse.C++ is arich andpopularOOPlanguagéecauséheprogrammercan
combinehigh-level OOPabstractiorandoptimizeatlow-level machinedetails,if
needed.

However, run-timeperformanceof C++ implementatiorcomparedo Fortran
77or Cremainsanopenquestion We did somecomparisonena SGIOrigin2000
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(R10000)of a specializedproceduralFortran MD implementation50] against
thegeneralC++ MD framewvork PROTOMOL. We obseredthatthe Fortrancode
wasapproximatelytwice asfastasPROToOMoOL, both codeswerecompiledwith
MIPSprocompilerswith the sameoptimizationoptions.Oneimportantfactorfor
this may be the lack of fully featuredoptimizationcompilersfor C++, which is
likely dueto the difficulty to optimize OOP implementations.C statementsire
mappedlinearly to sequencesf assemblystatement®f more or lessconstant
size. C++ breaksthis correspondencdue to the high non-uniformtranslation
of C++ statementso assemblycode. Furthermore compilersproducinghighly
optimizedcodefor new hardwarewerefirst releasedor Fortran,especiallyin the
high-performanceomputingsegment.Somevendorsdid notconsiderC++ asan
optionfor high-performanceomputingandgave low priority to thedevelopment
of aC++ compilet

Despitethe run-time efficiency problem, C++ is a strongcompetitorwhen
correctly designingand implementingcomplex software. In the long run, flex-
ibility and codereusewill prevail [25, 85], ratherthan having to continuously
re-implementor adaptthe software of interest. Thus, the framewvork C++ was
preferredover Javza andotherobject-orientedOO) language®ecausef thewide
acceptancandthe abilities — as discusseefore— to combinelow-level opti-
mizationandhigh-level abstraction.

5.2 A component-basedramework design

Thereare mary differentapproacheso designsoftware packagesbut to satisfy
therequirement®f flexibility andeaseof codereusewe do notonly needa fine
grainedcollectionof classesbut alsohigh-level components$o easilycomposea
solutionfor the problemof interest. This ideais capturedoy an object-oriented
component-basdtdamevork design(Figure7) andsatisfiesalsotherequirements
on page3l. In a component-basettamevork (or componentarchitecture),a
numberof modules,interfacesamongthem, and basiccommunicationservices
are defined. Examplesof componentarchitecturesare Microsoft's Component
ObjectModel (COM, cf. [20]) andCORBA [24]. A componentarchitecturefor
high performancesoftwareis the CommonComponen#rchitecture(CCA) [19].
For the designof the component-baseftamevork PRoTOMOL, threedifferent
moduleswereidentified:

1. The front-endprovides componentso composeand configureMD appli-
cations. The componentsreresponsibldo composeandcreatethe actual
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Figure 7: The component-based framework PROTOMOL.

MD simulationsetup with its integrationschemeandparticleconfiguration,
especiallyinterfacingthe user This layer is strongly decoupledrom the

restto the extentthatthefront-endcanbereplacedy a scriptinglanguage.
For moreinformationonthesetopics,seethe MD applicationprogrammers
interfaceMDAPI [51], andthe interactve and steeredVID interfacesde-

scribedin [56, 111].

2. Themiddlelayeris awhite-boxframevorkfor numericalntegrationreflect-
ing ageneraMTS design.

3. Theback-ends aclasslibrary carryingouttheforce computatiorandpro-
viding basicfunctionalities.It hasa strongemphasi®n run-timeefficiency.
In Sections.4.2-5.4.5differentoptionsfor theforce designareevaluated.

Thedesignwasalsomotivatedby the goalof encapsulatingptimizationssuchas
parallelismwithout destrying performance.The mostimportantoptimizations
consideredvereincrementabndscalableparallelizationof force evaluation,cell

list algorithmsto retrieve spatialparticleinformation,andfully customizableon-
bondedforces using arbitrary shapedcells and boundaryconditions. This is

discussedn moredetailin Section5.4.

Thediscussiorof theframewnork hasa strongemphasi®n the designof force
algorithms sinceconsiderabléime wasspentto designandimplementnew force
algorithms(e.g., standardEwald summationPME, MG, etc.). The front-endis
mainly the pre- and post-processingn Algorithm 1 andis not detailedin this
thesis,whereaghe middle layer is shortly explainedto give an overview of the
collaborationof integratorsandtheir associatedorces.
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5.3 Integrators

Theintegratorsrepresenthe middle layer of the framewvork andarein chage of
numericalintegration. Thecollaboratiorof anintegratorobjectwith its associated
force objectsis basedon compositionandencapsulatiofFigure8).

n

I ntegrator Li ForceGroup t:__
1 m
run(numTimesteps)=0 evaluateSystemForces(tp,r,f,e)
4 evaluateExtendedForces(tp,r,v,f,¢)
Standardl ntegrator Force
ExtendedForce —
run(numTimestepsp- - - - - - - o
doHalfKick()=0 ! evaluate(tp,r,v,f,e)=0
doDriftOrNextintegrator()=0 e paralle|Evaluate()
calculateForces@- - -------F----------

1
! 1
1 1
A ]
| | ' ! SystemForce
1 1
STSIntegrator MTSI ntegrator ' 1
' . evaluate(tp,r,f,e)=0
1 1
doDriftOrNextIntegrator() doDriftOrNextintegrator()| ! ! parallelEvaluate()
1 1
! 1
1 1
myForceGroup->evaluateSystemForces(tp,r,f,e); doHalfKick();

myForceGroup—>evaluateExtendedForces(tp,r,v,f,e);| doDriftOrNextintegrator();
calculateForces();
doHalfKick();

Figure 8: Collaboration diagram between the integrator object and the force
objects.

To meetthe requirementof dynamicallyconfigurablemultiple steppingal-
gorithmswith arbitrary levels and arbitrary associatedorcesat eachlevel, the
approachof a chainof integratorswas chosen(Figure 9). A chainof arbitrary
length is definedby recursion,where a single time stepping(STS) integrator
terminategherecursion.For the designof integrators,inheritancas used,where
MTS and STSintegratorsare two differentmain branchesmplementingAlgo-
rithm 1. Inheritanceis well-suitedto capturethe unique and sharedbehaiors
of integrators. Furthermorejt givesgreatflexibility andhasa negligible impact
on run-timeefficiengy in the whole framevork. Researcherat the University of
NotreDamehave designednddevelopedtheintegratorlayerin PROTOMOL [61].
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- - = MTSIntegrator

doHalfKick();
doDriftOrNextIntegrator();
- l . > MTSIntegrator
| grator doHalfKick();
. calculateForces@e— doDriftOrNextintegrator();
i doHalfKick(); L = STSIntegrator
Ll *nextintegrator doHalfKick();
calculateForces®&— doDriftOrNextIntegrator()
doHalfKick(); calculateForces();
doHalfKick();
I

Figure 9: Chain of integrators implementing multiple time stepping schemes.
MTS differs from STS in that it calls recursively the next inner integrator before
evaluating its forces. The recursion is terminated by an STS integrator.

Theassociatefbrcesareencapsulatesh ForceGroup to decoupléhemfrom
the integrator when invoked to evaluatethe forces. This makesit possibleto
performsomepre- andpost-processingg.g., to distribute the force computation
amongdifferent processors. Furthermore,in a parallel environmentthis class
handlesparallelismandinteractswith the parallellibrary of the framework. The
classinvokesthe actualdistribution of the work andupdatef force andenegy
contributionsamongthenodes However, this (default) behaior maybeoverwrit-
tenandthe parallelismmovedup to theintegratorlevel, which correspondso an
optimizedparallelupdateof positionsandvelocities.

5.3.1 Integrator definition language

At thehighestlevel, theframenork definesanintegratordefinitionlanguaggPro-
graml), in which the usercancomposehis or her own integrationscheme.The
grammarimposesthe proposedhierarchy(or chain) of integrators,whereeach
level is definedby anintegratorof choiceandits associatedorces.An integrator
can be either MTS or STS. The inner mostintegration (level 0) is definedby
STSandMTS for the superiorlevels. The programfragment2 definesa simple
Leap-Frogintegration schemewith a time stepof 1 fs andits associatedond,
angle, dihedraland improperforces. Program3 illustratesa three-leel MTS
integration. The inner mostintegration usesLeap-Frog,the superiorlevels use
Verlet-I/FRESPR. It evaluatedorcesatdifferenttime scales.Theactualfrequeng
of aforceatagivenlevelis recursvely definedby the productof the actualcycle
lengthandthe frequeng of the next innerintegrator

36



Integrator{
level N-1 integrator_name{ # MTS
cyclelengthvalue
forceforcenameforceoptions[forcenameforceoptiong

}

level O integrator_name{ # STS
timestepvalue
forceforcenameforceoptions[forcenameforceoptiong

}

Program 1: Grammar for PROTOMOL’s integrator definition language.

Integrator {
level 0 Leapfrog {
timestep 1.0 # [fs]
force Bond, Angle, Dihedral, Improper}

Program 2: Definition of Leap-Frog integrator with 1 fs time step and bond, angle,
dihedral and improper forces.

Integrator {
level 2 Impulse { # Long-range electrostatics

cyclelength 4

force  Coulomb -algorithm Full  -switchingFunction ComplementSWC1}
level 1 Impulse { # Medium varying forces

cyclelength 2

force  Improper, Dihedral

force  Coulomb -algorithm Cutoff  -switchingFunction SWC1

force LennardJones -algorithm Cutoff  -switchingFunction SWC1}
level O Leapfrog { # Fast varying forces

timestep 1 # [fs]

force Bond, Angle}}

Program 3: Three-level Verlet-l/r-RESPA MTS. The fast, medium and slow forces
are evaluated at 1 fs, 2 (=1.2) fs, and 8 (=1.2.4) fs, respectively.
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5.4 Forces

The forcesare designedas separatecomponentsand part of the computational
back-end.They represenbneparticularforce (a bullet in Algorithm 3) andpart

of integratorsby compositionFigure8). FromanMD modelingpointof view and

from performanceconsiderationsfive different requirementgor customizable
options)areproposedThesearediscussedbelon.

5.4.1 Forcerequirements

R1 An algorithmto selectann-tuple of particlesto calculatetheinteraction.

R2 Boundaryconditionsdefiningpositionsand measurementf distancesn the
system.

R3 A componento retrieve efficiently the spatialinformation of eachparticle.
ThishasO(1) compleity.

R4 A potentialdefiningthe forceandenegy contributionson ann-tuple.

R5 A componentto modify the potential (force and enegy contrikutions) to
obtaincertainpropertieof the potential,i.e., switchingfunctions.

In orderto addresgheserequirementssereraldesignapproachesanbe chosen.
In general,software engineeringcomeswith a rich multiplicity, whereonecan

solve a problemin mary differentways. However, there are infinite nuances
betweenwrongandright. To choosea solutionout of the combinatorialsolution

spacedependgprimarily on the problemandfuture needsandextensions.These
may bedifficult to pointout.

5.4.2 Option 1: All-inclusive interface

A first optionis to implementeverythingunderthe sameumbrellaof a do-it-all
interface. This may resultin a mammothclass,intellectualoverheadandineffi-
cieng/. Furthermorefrying to implementthe force objectswould resultin im-
plementingall combinationf requirementfk 1-R5,andan exponentialnumber
of classesConsideringonly the non-bondedorcesin the actualimplementation
of PROTOMoOL with 3 algorithms(R1), 2 boundaryconditions(R2), 1 cell list
algorithm(R3), 3 differentpotentialfR4) and17 switchingfunctions(R5), would
require306implementationsyithouttakinginto accounevaluatingsimultaneous
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two differentpotentials. The sameproblemoccurswhendevelopinga graphical
enginefor n differentgeometricalshapesand m different target systems. We

would preferto separateéhe geometricalshapedefinition andthe target system
specificpartsthanto endup with nm implementationsMoreover, the approach
is alsoextremelyrigid, sinceonly oneslightly unpredicteccustomizatiorwould

make the designuselessThe designenforcesanalysisconstraintsput we would

like the developergto enforcetheir own constraintsratherthanthe designimpos-

ing predefinecconstraints.

5.4.3 Option 2: Multiple inheritance

Another possibility is multiple inheritance,which could avoid the exponential
numberof classeghrougha designbasedon a small numberof smartclasses
implementingeachdesignoption. The problemwith multiple inheritancas thatit
canonly do a superpositiorof the classesThis forcesthe developerto carefully
coordinatanheritanceandthe smartclassesAlso, carehasto betakento resohe
namingconflictsandinheritanceof multiple implementation®f the sameoption.
This canresultin ambiguousdefinitions, e.g., simultaneousevaluation of the
electrostatiandthe van der Waal forces. Another problemof classedasedon
multiple inheritances the generalack of completetype information,which may
make it impossiblefor the classto carry outits work directly. Neverthelessthere
arewell-definedsolutionsor work-aroundgo the relating problemsof multiple
inheritancecf. [85, Ch.15],[113,Ch. 15],[115 pp. 155-167].

5.4.4 Option 3: Generic programming

A third option is genericprogrammingusing templatesthat supportmetapro-
gramming. This is in someway a typed extensionto C macros,cf. [103, 105
113,120. Templatesnableparameterizationin waysnot supportedoy regular
classesTemplateparametersanbeseermasplaceholdersthattheuserwill fill out
wheninstantiatingan objector definingatype. The codeof templatedclassess
createdat compiletime dependingon userdefinedtypesor values.For example,
in the framework designthe boundaryconditionsare type templateparameters
(periodicor vacuum);the non-bondedorce definitiontakesa booleanparameter
indicatingwhethera switchingfunctionis usedor not.

Templatesalso come with optionsto specializememberfunctionsfor one
specificinstantiation andto partially specializéemplatedlassesThesefeatures
areheavily usedin theStandardiemplatelibrary (STL); e.g.,copy() maycome
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with awell-tunedimplementatiordependingpn thetype of containeito copy and
thetargetplatform. Thedravbacksof templatesarethatonecanneitherspecialize
its datamembersnor canoneaddnew datamembers.Furthermorepne cannot
partially specializanemberfunctions.This meanghatthespecializatiordoesnot
scalelikeit doesfor inheritance.

5.4.5 Combinedapproach: Policy, Strategy, and Traits

Theevaluationof advantagesnddisadwantage®f theapproachementionabove
a combinationof templatesandinheritancdeadingto a highly customizableand
efficient componeniesign. This is discussednoredeeplyin [1]. This ideais
captureddy thePolicy patterd®, betterknown asthe Stratgy pattern42, pp.315-
323]. Thispatternpromotegheideato varythebehaior of aclassindependenof
its context. It is well-suitedto breakup mary behaiors with multiple conditions
andit decreasethe numberof conditionalstatementsCloselyrelatedare Traits,
which intend to carry someextra information of a class,but without requiring
ary changef the classitself. PoliciesandTraits have alot in common,but the
Policiestendto be behaioral, whereasTraitsallow subtyping.

5.4.6 Forcedesignof PROTOMOL

The force designdefinesonetypical type of force (e.g.,angularforcesin mole-
cules)andhasaninterfacedefiningall necessarparametersor the computation
of force and enegy contributions. The designof forcesitself usesthe Policy
pattern[1], asdiscussedn Section5.4.5. The algorithmto selectthe n-tuples
(R1) is customizedwith the restof the four requirementgR2-R5). Someforces
may not allow ary parameterizatiorat all sincethey are specializedand hand-
craftedto carryoutoneparticularcase g.g.,propagatingorce contributionsfrom
an external device like a haptic device. At first, it seemsmore naturalto cus-
tomizethe potential(R4) with analgorithm(R1), but afteranalyzingthe general
applicationrequirementsand their dependenciest makes more sensen terms
of designandefficiency to choosethe first designapproach.This becomesnore
obvious whenwe like to evaluatesimultaneouslydifferenttypesof forceswith
the samealgorithm. Furthermorefor specializedorceslike PME, it would be
practicallyimpossibleto designa propersolution,sincesomepartsdo notrely on
the selectionof n-tuplesbut on grid evaluationalgorithms(seeFigure 19 for all

19A patterndescribesa solutionto arecurringproblemthatarisesin specificdesignsituations.
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availableforces). In orderto illustrate how forcesare customizedwith different
policy choicestwo examplesaregivenbelow.

Theevaluationof angularforcesin moleculeds a goodexampleof a special-
izedforcetype. Its natureis simpleandof staticcharacterwhich meanghatthe
3-tuplesof atomsaregivenby theinitial input structure.The potentialenengy is
definedby (seealsoEq.(7))

U;ngleZ 1KA (gijk - 9m)2, 9ijk = cos ™! ( (fj — _-7;;1) : (xj — x_{c) ) . (45)
2 12— Zll - 17 — Tl

It doesnotshareary behaiorswith otherforces,besidesheboundaryconditions
definingthe measurementf distanceso computethe angled;;;, of the 3 atoms.
Program4 declaresthe angle force with periodic boundaryconditions. Since
the boundaryconditionis a templateand known at compile time the compiler
canoptimizethe codeextensvely, e.g.,for vacuumthe compileronly appliesan
ordinaryvectordifferenceto computethedistance.

Force* aForce = new AngleSystemForce<PBC>();

Program 4: Dynamic instantiation of an angular force with periodic boundary
conditions.

More comple force objectsstemfrom non-bondedorces. For example,to
definean electrostatidorce (Programs), we may choosea cutoff algorithm(R1)
that considersonly the closestneighboringatoms. To find the closestatomsin
constantime, we usea cell manage(CM R3) basedon a cell list algorithm.PBC
definegperiodicboundaryconditions(R2). OneAtomPair definegsheenegy and
force contributions betweentwo arbitrary atoms. Here, CoulombForce imple-
mentsEq. (9) modifiedby a C'!-continuousswitchingfunction
(C1SwitchingFunc tio n) usingEgs.(18) and(19). The booleanvaluedefines
theswitchingfunctionshouldbeappliedor not,whichis for optimizationpurpose.
For example,to computeall interactionsover the whole domainno switching
function is requiredand the compiler can drop all coderelatedto the switch-
ing function. In caseof a MOLLY integrator scheme,OneAtomPair would
be replacedby OneAtomPairMol i fy LJ to implementa 'mollification’. Ta-
ble 5 givesa completeovervien of supportedpolicy choices. Figure 24 details
OneAtomPair , OneAtomPairMol li fy LJ andothersupportedpair-wise inter-
actions, e.g., the simultaneousevaluation of two different forces. The actual
objectcreationis alittle morecomplicatedduethe numerougoliciesandusage
of nestedemplatesA genericobjectcreationis discussedn Section5.5.
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typdef
OneAtomPair<PBC,CM,C1SwitchingFunction,Cou lombFor ce,true > OneAtomPairType;

class NonbondedCutoffSystemForce<PBC,CM,OneAtomPa irType> ;

Program 5: Declaration of a Coulomb force with cutoff and C*-continuous
switching function.

5.4.7 Forceinterface

Theforcesaredesignedvith acommoninterface theso-callecevaluate(...)

and optional parallelEvaluat e(.. .) method,which doesthe evaluationof
theforce contributionsbasedn its parameterizatioandpolicy choices.
evaluate(...) is apurevirtual functionandexpectsalwaysasequentiaimple-
mentation.parallelEvalua te (.. .) isanoptional(or’override-able’)inter-
facefor parallelimplementationIn caseno parallelimplementations provided,
it will call the sequentiaimethodevaluate(...) . This mechanismallows the
developerto postponea parallelimplementationgvenin a parallelernvironment.
It reflectstheideaof incrementaparallelization(seepaperC]).

The force interface can be seenas a function object, but to make it a real
functor, the Commandpattern[42, pp. 233-242]would be neededto passthe
parameters. Note that this would be appropriateif we would needan 'undo’
functionality or delayed(lazy) evaluation.

5.4.8 Forcesubtyping

The force designdistinguishesetweensystemforces(Figure 21) and extended
forces(Figure 23). The systemforcesare designedo handleordinaryinterac-
tions of theform U (%4, Zs, ..., Zn), Whereaghe extendedforcesare designed
for velocity dependeninteractions.Furthermorethe forcesare encapsulatech
ForceGroup , which is part of the intergrator The contributions of the system
and extendedforces are invoked by separatemethodsfrom an integrator (Fig-
ure8), suchthatdifferentpre-andpostprocessintpr thosetwo forcetypescanbe
performed.Note thatfrom the userpoint of view, thereis no distinctionbetween
extendedandsystemforces.
Beyondthissubtypingtheforcesaredividedbetweerbondedandnon-bonded
forces.Bondedforceskeeplocal neighborinformationthatis typically staticand
doesnotrely onrequiremenRk3, whereasion-bondedorcesoperateon dynamic
neighborhood$R3) or mayincludethewholecomputationatlomain.Thismeans
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that non-bondedorcesmay be computedusing cutoff techniquespr in the full
domain.AppendixB describeghe force computatiordesignin detail. Figure19
is anoverview of actuallysupportedorces.

5.5 Forcefactory

Oncetheforcesaredesignedcandimplementedye needto create(or instantiate)
the actualforce objectsneededy integrators. Oneapproachcould be to let the
integrator or someother function createthem. The integrator or the function
would have theresponsibilityto parsethe input andinstantiatehe corresponding

—
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—cutoff 6.5
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00000000000

cutoff and C2 switching functio!

Figure 10: Correspondence between the input definition and the actual force
object.

forceobjects(Figure10). Thiswouldleadto arigid design,.e., hugeif-then-else
or switch-casestatementslueto thenumeroudorcetypes.Additionally, it would
not only be difficult to add or remove force types, but alsothe correspondence
betweenthe input definition and the actualforce object would be hard-coded.
We wouldratherlik e to make visible forcetypesof interestonly andlet theforces
decidethecorrespondencd.hus,we needsomesortof wizard,thatcantransform
agiveninputdefinitioninto arealforce object.

5.5.1 Solution: Abstract Factory and Prototypes

The requirementf object creationare satisfiedby the Abstract Factory [42,
pp. 87-95] and the Prototype[42, pp. 117-126]patterns. The AbstractFactory
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patterndelegatesthe object creation,and the Prototypepatternallows dynamic
configuration.Thelogical stepsin usingan AbstractFactoryandPrototypecom-
binedis asfollows:

1. Prototype registration. The force factoryis dynamically configuredby
registeringforce prototypeobjects. A force prototypeobjectis aforce ob-
jectwith undefinedparametewalues.The setof registeredforce prototype
objectsdefinesthe force (algorithm) spaceavailableto the useror compo-
nents. This enablesus to customizethe availableforces. For example,we
caneliminateall thosethatdo not make sensdogically.

ForceFactory::registerExemplar(
new NonbondedCutoffSystemForce<PBC,CM,
OneAtomPair<PBC,CM,C2SwitchingFunction,LennardJ onesForcetru  e> >());

ForceFactory::registerExemplar(new AngleSystemForce<PBC>());

Program 6: Registration of prototypes: angular force and Lennard-Jones force
prototype with cutoff and C?-continuous switching function.

2. Forceprototype symboltable. Beforeary forceobjectcanbeinstantiated,
somesortof correspondencemap—betweertheinputandtheavailable(or
registered)force prototypesmustbe defined.In C++, onecould useRun-
Time Type Identification(RTTI), but this featureis non-portableand may
leadto ambiguousorrespondencen orderto definethismapgloballyand
of statictype, the forcesareresponsiblgo provide a uniqueidentification
string,basedon theforce classandtheir policies(Tablel). More precisely
forceoptionsdefiningpoliciesarepartof theidentificationstring,e.g.,inter-
polationschemeFor forcesusingnestedemplatestheidentificationstring
is definedasthe deep-cop principle, e.g.,the complemenbf a switching
function,which expectsa switchingfunctionastemplateparameter

Force Identificationstring

Angle ’Angle’
LJ 'LennardJones  -algorithm NonbondedCutoff ~ -switchingFunction Cc1

Table 1: Identification string of angle force and a Lennard-Jones force.
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3. Force definition language. The definition of a force is essentiallybased
on theuniqueidentificationstring. A force definition startsalwayswith the
keywordforce followedbyakeyword(i.e.,forcename reflectingthetype
of force andthe restof the uniqueidentificationstring (i.e., forceoptions.
forcenamemayconsistof two wordsto evaluatetwo forcessimultaneously
Theforcenameis followedby parametersf theforce(i.e.,forceoption}to
parameterizeéhe force with the desiredvalues,e.g.,cutoff distance.Some
force may have additionalpolicies or force parameterse.g., interpolation
schemeor friction coeficient. Otherforcesare definedonly by onekey-
word, e.g.,angleforces.’compare’and’time’ arefor comparisormpurpose
(seeSection5.6).

level n integrator _-name {

force [comparé [time] forcenameforceoptions
[force [comparé [time] forcenameforceoption$

Program 7: Grammar for PROTOMOL'’s force definition language.

4. Force parsing. The force factory takes the rule of the wizard. An ex-
tendedmap basedon the identificationstring definesthe correspondence.
In generalthe orderof definition doesnot matter but morecomplex force
definitionsrequirean exact matchin orderto presere uniqueness.Once
the correctforce prototypeis identified, the expectedforce parametersire
retrieved from the prototype. To let the prototypedefinethe parameters
makesthe parsinggeneralndtiesthe numberandkeywordsof parameters
to theforce prototype.More exactly, the parameteraretied to the policies,
suchthatthereis only onedefinitionin thewholesystenthatis in thesame
file astheimplementatiorof theaccordingpolicy. Furthermorethis allows
us to provide default values,if needed.Next, the force factory parseshe
requestegharametevaluesandpasseshemwith theirvaluesto an Abstract
Factorymethodmake(...)  (TemplateMethod to createthedesiredorce.
The class-dependeriiehaior for the Abstract Factory methodis imple-
mentedin doMake(...)  (Hook Method, which s calledby make(...)

This techniquds describedy the TemplateMethodpattern[42, p. 325].
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5. Forceobject creation. Finally, afully featuredorce objectwith setparam-
eterds createdy theprototype.In orderto make thedynamicconfiguration
andthe actualobjectcreationindependentandthe factoryglobally acces-
sible, the force factory usesthe Singletonpattern[42, pp. 127-134]. This
avoids the creationof unnecessaryactories,and allows to pre-customize
thefactorywith behaior commonto all forces. Thelatteris usedto define
boundaryconditionsand the type of cell managersincethey are unique
policiesinsidethe whole MD application. Furthermorethe force factory
providesfeaturedor lazy registrationof prototypesandtheir destruction.

5.6 Functionalities to compare forcealgorithms

Sinceoneof therequirement®f the framework is the easeto evaluateandcom-
paredifferentforce algorithms,functionalitieswere addedto the framework for
this purposgFigure20). At presentpairsof forcescanbecomparedo determine
enepgy andforceerrorsof new forcemethods:

V2B _ R
FEmaX _ NmaXz ml 1‘/‘2 Z_‘ Z|| (46)
doimg IE|

—1/2,, F =
> m; 2| F, — F|

FEavg = = (47)
Smi |
FEaps = max||Fi — F| (48)
U-U
UE = |———| . 49
- (49)

Here, F; andU arethe contritutionsof the force methodto be evaluated.F, and
U denotethevaluesof thereferencdorce method(or themostaccuratene),e.g.,
obtainedby directcalculation.The comparisons performedon-the-fly suchthat
the referenceorce doesnot affect the currentsimulation. For example,onecan
comparea fastelectrostaticsnethodsuchasPME usingtwo grid sizes,suchthat
themoreaccurateonesenesasanaccurag estimator(Programs).

For thebenchmarkingf forcesatimer, functionwasimplementedo measure
the total and averagetime spentin dedicatedorce methods(Program8). Both
comparisondunctionscan be nestedto evaluateaccurag and run-time perfor
mancesimultaneously
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force compare time force Coulomb -algorithm PMEwald -real -reciprocal
-correction -interpolation BSpline -cutoff 6.5 -gridsize 10 10 10
force compare time force Coulomb -algorithm PMEwald -real  -reciprocal
-correction -interpolation BSpline -cutoff 6.5 -gridsize 20 20 20
force time LennardJones -algorithm NonbondedCutoff  -switchingFunction C1
-cutoff 8.0

Program 8: Examples of accuracy and timing comparison.

Thecomparisorof forcepairsis basedntheCountProxypattern42, pp.207-
217]to link two forcestogetherandcalculatethe actualerrors. The CountProxy
patternmakescomparisortransparentrom theintegratorpoint of view, suchthat
the contributions of the referenceforce are not mixed up with the currentsimu-
lation. To handleboth systemandextendedforceswith their differentinterfaces
polymorphinheritances used.Thetimer functionis basedn the sameapproach
asfor theaccurag comparisonDueto thetransparenyg the approachallows the
nestingof theaccurag andtiming functionalities.

5.7 Implementation and validation of fast electrostatic force
algorithms

Duringthisthesigshreedifferentfastelectrostati¢orcealgorithmsweredeveloped
andincorporatednto theframavork. More designdetailsaregivenin Figure 22.
Thecorrectnessfimplementatiorof thesemethodsvastestedonal41-molecule
water system (Figure 27) with periodic boundaryconditions 25A x 254 x 254
or vacuum. The testswere performedon an IBM p690 Regatta Turbo system.
Calculationsvereperformedn 64-bitarithmeticandamachineprecisionof order
10716, Thefollowing threesectionssummarizehefeaturesof thealgorithms.

5.7.1 Standard Ewald summation

The Ewald methodis describedn Section3.2. Thereal,reciprocalandcorrection
terms(thelast3 termsof Eq. (24)) canbe evaluatedindependently This is typi-
cally usedin combinationwith MTS to split the force into fastandslow varying
parts. Furthermorethe real spaceterm supportsnot only simpletruncation,but
also switching functionsto modify the potential. The implementationsupports
parallelism(rangecomputation)or the real, reciprocaland correctionterms. It
handlesMD systemdor both vacuumandperiodicboundaryconditions.Dueto
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therelatively expensve sineand cosinefunctions,PROTOMOL useslook-upta-
blesandtheadditiontheorento evaluatecos(k - #;) andsin (k- #;) moreefficiently
in Egs.(24) and(25); erf(x) anderfc(x) areby default not approximatedsince
the systemplatformsprovide awell optimizedimplementation.

Figure 11 shavs the maximumrelative force error of the Ewald methodfor
differentaccurag parameters comparedio the Ewald methodwith accurag
parametere = 10~'® (seeEgs. (26-28)) under periodic boundaryconditions.
Therewas no significantimprovementfor smallere, which is obvious, dueto
machineprecisionof order 10716, The maximumrelatve error of the Ewald
implementatiorcomparedagainstthe directmethodin vacuumis lessthan10-15
with anaccurag parametee = 10~!8 anda unit MD cell 10® timeslarger than
the minimal boundingbox of particles. Figure 12 illustratesthe corresponding
normalizedrun-time. Figure13 shows excellentenegy conserationwith a max-
imum relative force error of order10-1°. Moldy [98] was also usedfor further
validation.
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Figure 11: The maximum force error  Figure 12: Normalized run-time for a
for a given accuracy parameter €. given accuracy parameter €.

5.7.2 Particle-meshbasedEwald summation

PrRoTOMOL supportsPME (Section3.3) with a genericinterpolationscheme
interfaceof arbitraryorder Actually, B-splinesand Hermitianinterpolationare
implementedThereal,reciprocalandcorrectiontermcanbeevaluatedseparately
as for the standardEwald implementation. The real term can be modified by
a genericswitching function. The implementationsupportsparallelism(range
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computation)or the real andcorrectionterms. The work of the reciprocalterm
cannotbedistributedin the actualimplementation.

The maximumrelative error of the PME methodcomparedagainstthe stan-
dard Ewald summationis lessthan?2 - 10-'*. Both methodsusedan accurag
parametet = 10~'8. ThePMEwasdefinedwith meshsizeof 0.1A, cutof in real-
spacepartr, = 10, andB-splinesof order12. Figure13 showvs excellentenegy
conseration with a maximumrelative force error of order10~>. NAMD2 [66]
wasusedto validatetheresults.

5.7.3 Multi-grid

Multi-grid (Section3.4)is supportedvith ageneridanterpolationschementerface
of arbitraryorder B-splinesandHermitian (cubic and quintic) interpolationare
implemented. The direct and smoothpart (at particle level) can be evaluated
separatelyThekernelandits softeningfunctionaregenericandactuallyC' -, C?-,
C3- andC*-continuouspolynomialsmoothingunctionsfor Coulombinteractions
areimplementede.g.,G; in Figure5). The coreof multi-grid handlesracuumor
periodicity in eachdimensionindependently The questionof periodicboundary
conditionsfor the coarsesirid evaluationremainsan openresearchguestion.
The actualimplementatiorperformsan ordinarymatrix-vectormultiplication for
periodicboundaryconditionsandvacuum.

The MG codein [107] wasusedfor validation. We obtainedthe sameerrors
aspresentedn [107] for the 6848-moleculavatersystemwith cubicandquintic
Hermitian interpolation. Figure 13 shows the enegy conseration for a 141-
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moleculewatersystemwith periodicboundaryconditions. MG shaws excellent
enegy conseration for low accurag (maximum relative force error of order
0.15). The direct methoddoesnot considerary images,only the original unit

MD cell. UsingtruncationatlZ.SA (half of theunit MD cell dimension}ogether
with a C''-continuousswitching function performswell and hasthe sametime

compleity as the direct method. In caseof a small cutoff 6.5 A, the enegy

fluctuatesaround-1172.6kcal/mol(notshovnin thisfigure). Figurel4illustrates
the enegy consenration for vacuum. The minor enegy drift comparedwith the

directmethods dueto translation®f thegridsfollowing theparticles.Thereason
is thatthe potentialenegy functionis notinvariantunderglobaltranslatiorand/or
rotationof the particlepositions.

5.8 Practical examplesof extendibility and optimization

In orderto shav theextendibility andflexibility , two practicalexamplesaregiven.
Thefirst oneshavs how to implementa new force, whereaghe secondexample
describeshe parallelizationof a givenforce.

5.8.1 Adding anewforce

Coulombcrystalsystemsaredefinedby ionswith anadditionalmagnetidrap[52,
94, 102,116]. A commonusedtrapis the Paul Trapattractionwhichis givenby

N

1 1 S

yPadtrap Z (Emzwiy(xf +y7) + émiwgzi?) . 7= (zi,yi,2) . (50)
i=1

Here, 7; is the coordinateof particle:. w,, andw, parameterizeéhe Paul Trap
attraction.

Theinteractionis implementedn the classPaulTrapExtende dFor ce and
implementsaanextendedorce (ExtendedForce ). ExtendedForce waschosen
as baseclassto be ableto incorporatea velocity dependenterm in future im-
plementationsThe classPaulTrapExtende dForc eBase is inheritedprivately
anddefinesonly staticfunctionalities,i.e., the keyword PaulTrap . The method
evaluate(...) implementsEq. (50) (Program9). The first constructor(the
emptyone)is usedwhencreatinga prototype,while the secondoneis calledin
the AbstractFactorymethoddoMake(...)  to instantiatea fully parameterized
objectwith w,, andw,. getParameters(.. .) definesthe parametemames
andreturnsalsothe parametenvalues. Program10 registersa prototypeof the
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force and makes the force 'visible’. The completeimplementationis givenin

AppendixC, Programl3.

template<class TBoundaryConditions>
class PaulTrapExtendedForce : public ExtendedForce,
private PaulTrapExtendedForceBase {
public: /I Constructors
PaulTrapExtendedForce():myOmegaXY(0.0),myOm egaZ(0. 0){};
PaulTrapExtendedForce(Real omeagXY, Real omegaZ):myOmegaXY(omegaXY),
myOmegaZ(omegaZ){};
public: /I From class SystemForce
virtual void evaluate(...){
const TBoundaryConditions &boundary = ..;
Real e = 0.0;
for(int i=0;i<topo->atoms.size();i++){

Real c¢ = topo->atomTypes[topo->atoms[i].type].mass*;

Coordinates pos(boundary.basisPosition((*positions)[i]));

Coordinates  f(c*myOmegaXY*myOmegaXY*pos.x,c*myOmegaXY*myOme gaXY*po s.y,
c*myOmegaZ*myOmegaZ*pos.z);

(*forces)[i] = f;
e += 0.5*c*(myOmegaXY*myOmegaXY*(pos.X*pos.x+pos.y*p 0S.y)+
myOmegaZ*myOmegaZ*pos.z*pos.z);
energies->otherEnergy += g
}
public: /I From class Force
virtual void getParameters(vector<ParameterType>& parameters) const{
parameters.push_back(ParameterType("-omeg aXY"Va rvalTy pe:REA L,
VarVal(myOmegaXY)));
parameters.push_back(ParameterType("-omeg az"Var ValTyp e:REAL ,
VarVal(myOmegaZ)));
}
protected: /I New methods
virtual Force* doMake(string&, const vector<VarVal>&) const{

Real omegaXY = values[0].getReal();
Real omegaZ = values[l].getReal();
return  new PaulTrapExtendedForce(omegaXY,omegaZ);

}

Program 9: Implementation of a Paul Trap attraction.

ForceFactory::registerExemplar(new PaulTrapExtendedForce<PBC>());

Program 10: Registration of a Paul Trap attraction.
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5.8.2 Parallelizing aforce

In orderto parallelizea givenforce, parallelEvalua te (. .. ) hasto beover
written. Furthermorewe have to definea splitting of the force to enablerange
computation. For example,a velocity dependenfriction could be implemented
asdescribedn Program11. In this program,n is the numberof particles,and
blocks definesthe numberof blocks, typically the numberof processors.The
samesplitting mustbeimplementedn the methodnumberOfBlocks( .. .) (see
completeimplementationin Program14) to allow the masterprocessoto dis-
tribute the work. Whenever a slave entersparallelEvaluate (. .. ), next()
will betrueif theactualblocki hasnotbeenprocessedby ary otherslave.
Likefor thissimpleforce,we mayratherimplementheactualforceevaluation
in a private methoddoEvaluate(... f rom,to) with rangeability to avoid
code duplication. The sequentialimplementationcalls it with the full range,
whereasheparallelversioncallsit with theaccordingolockindices(Programil4).

virtual evaluate(...){...} /I sequential implementation
virtual parallelEvaluate(...{

int  n = positions->size();
int  blocks = ..; /I number of blocks
for(int i = 0;i<blocks;i++){
if(topo->parallel->next()){
int to = (n*(i+1))/blocks;
if(to >n) to = n;

int  from = (n*i)/blocks;
for(int j=from;j<to;j++){
(*forces)[j] += (*velocities)[jJ*myF;
Pl

Program 11: Parallelization of a velocity dependent friction.

5.9 Performance

In the following threesectionsthe run-time performanceof PROTOMOL is dis-
cussedWe comparePROTOMOL to NAMD?2 [66] for sequentiaandparallelruns,
andcomparehedifferentfastelectrostatidorce algorithmsof PROTOMOL. The
performancevaluationsarebasednthreesystemsa141-moleculevatersystem
(Figure27),BPTI with water(Figure25),andApoAl with water(Figure28).
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5.9.1 Sequentialscalability

We performeda sequentiatomparisorof PROTOMoL with NAMD2, sincethey
have similar basicfunctionalitiesandarebothimplementedC++. In orderto make
the comparisondair, we usedthe sameintegration schemeand consideredhe
sameforces.Both configurationsiseLeap-Frogwith time stepl fs (Programl?2).
For thestructuralandinitial simulationstate theidenticalinputwasused.Table2
demonstratethe sequentiaperformanceof PROTOMoOL againstNAMD2. One
canconcludethatPrRoTOMoOL performswell andhasaslightly better(sequential)
scalingthanNAMD?2, in respecf problemsize. All runswereperformedon a
dedicatechodeof aLinux clusterwith 1.26 GHz Pentiumlll processorsPrROTO-
MoL wasconfiguredwith a cell sizeof 5 A for the watercaseand?)% A for the
two othercasesn orderto exploit the cacheoptimally.

Testcase # atoms ProOTOMOL NAMD?2 Ratio
N [s] |[us]/N | [s] |[us]/N

Water vacuum| 423 0.0108| 25.53 | 0.0122| 28.84 0.89
periodic 0.0156| 36.88 | 0.0149| 35.23 1.05

BPTI vacuum| 14,281 || 0.7826| 54.8 0.889 62.25 0.88
periodic 1.386 | 97.01 1.216 | 85.15 1.14

ApoAl vacuum| 92,224 | 5.622 | 60.96 6.537 | 70.88 0.86
periodic 9.259 | 100.04 || 10.056| 109.04 || 0.92

Table 2: Sequential comparison of PROTOMOL vs. NAMD?2 for one time step in
average on a Pentium Ill, 1.26 GHz running Linux RedHat. All test cases use
Leap-Frog integration with 1 fs time step and a non-bonded force cutoff of 10 A,
and Lennard-Jones and Coulomb forces with C'-continuous and shift switching
function, respectively.

Integrator {
level O Leapfrog {
timestep 1.0 # [fs]
force  Improper, Dihedral, Bond, Angle
force LennardJones Coulomb # Combining LJ and Coulomb evaluation
-switchingFunction Cc2 -switchingFunction Shift
-algorithm NonbondedCutoff -switchon 0.1 -cutoff 10.0 }

Program 12: PrRoTOMOL: Integrator and force definitions used for the perfor-
mance comparison test. Lennard-Jones and Coulomb contributions are evaluated
simultaneously.

53



5.9.2 Parallel scalability

Figuresl5 and16 illustratethe parallelscalabilityof PROTOMoL andNAMD?2.
PrRoTOMOL scalessmoothlyand well up to 32 processors.For one and two
processorPrROTOMOL doesstaticloadbalancinganddynamicloadbalancingor
threeor more processorsFor dynamicload balancing,one dedicatedorocessor
takestherole of masterservingthe slaves. Table 3 containsthe averagetime of
a sequentiakun for onetime step. PROTOMoL andNAMD2 have comparable
sequentiaperformancePrRoTOMoOL is 5 — 10% fasterfor vacuumbut 5 — 10%
slower for periodicboundaryconditionsthanNAMD?2. The simulationsetupfor
all testcasesvasthesameasfor thesequentiatomparisonexceptfor acell size
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Figure 15: Parallel scalability for periodic boundary conditions.
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Figure 16: Parallel scalability for vacuum.
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of 5 A for all PRoTOMOL runs.All runswereperformedon an Origin2000with
195MHzR10000processors.

Testcase #atoms|| PROTOMoOL || NAMD2
N [s] [s]

Water vacuum| 423 0.0317 0.0334
periodic 0.0473 0.0434

BPTI vacuum| 14,281 2.209 2.408
periodic 3.562 3.304

ApoAl vacuum| 92,224 16.03 17.83
periodic 26.36 25.04

Table 3: Sequential comparison of PRoToMoL vs. NAMD2 for one time step in
average on an Origin2000 with 195MHz R10000 processors. All test cases use
Leap-Frog integration with 1 fs time step and a non-bonded force cutoff of 10 A,
and Lennard-Jones and Coulomb forces with C'-continuous and shift switching
function, respectively.

5.9.3 Scalability of fast electrostatic forcealgorithms

Figure 17 shaws the run-time efficiency of the PME and the standardEwald
methodwith a maximumrelative force error of 10=° for the threetestcaseswith
periodicboundaryconditions.The Ewald summatiorwith anaccurag parameter
e of 1078 sened asreference. Figure 18 illustratesthe run-time efficiengy of
MG with amaximumrelative forceerrorof 102 and10~2 comparedo thedirect
methodfor vacuum. As expected,the direct methodscalesas O(N?) and MG
scalesas O(N), which is supportedby the obsened speedupof 620 or more
for a10°% Caj, Coulombcrystalsimulationcomparedwith the directmethodand
maximum relative force error of 5 - 1073. Note that one may get even better
performancenumbersby extensve fine-tuningof the MG parameters.Table 4
summarizeghe performancenumbersboth for vacuumand periodic boundary
conditions. All runeswereperformedon anIBM p690RegattaTurbo systemin
productionmode.Calculationsvereperformedn 64-bitarithmeticandamachine
precisionof order10-16.
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Figure 17: Comparison of fast electrostatic algorithms for periodic boundary
conditions. The left figure has logarithmic axes; the right figure has linear axes.
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Figure 18: Comparison of fast electrostatic algorithms for vacuum. The left figure
has logarithmic axes; the right figure has linear axes.

Testcase| #atoms| Direct | MG10~2 | MG 102 || Ewald | Ewald10—° | PME10~°
N [s] [s] [s] [s] [s] [s]
Water 432 0.01962| 0.03498 | 0.03707 || 0.31159 0.07277 0.05365
BPTI 14,281 21.584 3.1818 7.3027 144.035 21.021 3.85
ApoAl 92,224 || 903.963| 19.994 51.441 2978.52 482.847 26.728

Table 4: Performance comparison of fast electrostatic force algorithms on an IBM
p690 Regatta Turbo system. The performance numbers represent the average
time to evaluate the electrostatic contributions for one time step.
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6 Conclusions

Theaim of this thesishasbeento studythreedifferentrelevantaspect®f molec-
ulardynamicg(MD):

e Thestudyof parallelismthatis achiesablein real-life MD applicationsand
algorithms.

e The designand aspectf a generalpurposeframeavork for MD applica-
tions.

e Thestudyof themostrelevantfastelectrostatidorce algorithms.

In this thesis,two differentparallelizationapproachesre studied. First, in pa-
per [C] spatialdecompositiorwasevaluatedfor a particularMD programfor 2-
dimensionaphysicalproblemgseealsopaperdA] and[B]) with short-rangeran
derWaalsinteractions.Differentpartitioningandcommunicatiorstratgjieswere
appliedwith up to 107 particlesand 128 processor¢o demonstratehe parallel
scalability Secondjn paper[D] anincrementabparallelapproachwasdesigned
andincorporatednto the framevork PROTOMoOL. Although the representation
relies on replicateddata, the approachscaleswell for a moderatenumber of
processorgup to 32). The approachwas motivatedto provide transparenand
encapsulategarallelism,wheresequentiabndparallelimplementationganco-
exist. It supportghe developmentandintegrationof sequentiakxperimental and
novel algorithms while concurrentlybenefitingfrom alreadyparallelizedpartsin
the framework. During this work, this hasemepged as an importantfeatureof
the framework, sincenumerougesearcherfocus primarily on algorithmdevel-
opmentanddo notwish to dealwith parallelizationissues.

The main part of the work is devotedto the designandthe developmentof
the fastelectrostatidorce algorithms. In orderto do so, we useda considerable
amountof time andeffort to extendandenhancehe component-basefdameavork
PrRoTOMoOL. The front-endwas re-designedand the forces were generalized
(Policy pattern[42, pp. 315-323]) and extendedtogetherwith a force factory
(AbstractFactory[42, pp. 87-95]). PROTOMOL hasbeenparallelizedbasedon
anincrementaparallelizationrapproachThe developmentwasrealizedin collab-
orationwith JegisA. Izaguirré® andhis students.

20pepartmenbf ComputerScienceandEngineeringUniversity of Notre Dame,USA.
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Thecomponent-basedamevork approaclgivestheneededlexibility to con-
figure and dynamicallycomposeMD applicationstogetherwith a run-time effi-
cientback-endor theMD computationalntensve part.

The PRoTOMOL framework is sufficiently general. It hasbeenusedin a
framawvork called CompPUCELL [38], which modelsmorphogenesisaind other
processe®f developmentabiology at the cellular and organismlevel. The ef-
ficiengy of theback-ends demonstratetdy a comparisorof PROTOMOL against
NAMD2 (Sections5.9.1and5.9.2). The dynamiccompositionis illustratedby
the ability to define arbitrary MTS schemedshasedon an integrator definition
language.The framework’s flexibility andeaseto performgeneralpurposeMD
simulationshasednthe Newton’s equatiorof motionhave beendemonstratetly
amacroscopisimulationof Ugelstadspheresn amagnetidluid (AppendixD.3).
In alaboratorycoursein computationakcienceat the Departmenbf Informatics
atthe University of Bemgen,studentsuccessfullyansweredhe questionof mat-
ter by performingsimulationswith the helpof PRoTOMoOL (AppendixD.2). The
framework is also usedin an ongoingprojectto study Coulomb crystalswith
108 ions (AppendixD.4) in collaboratiorwith experimentalistsFurthermorethe
developmentof sophisticatedntegrators,suchasMOLLY andDissipative Molly
is ongoingwork atthe Universityof Notre Dame.Overall,theframewnork satisfies
therequirement®f anexperimentabplatformfor generaMD applications.

The frameavork hasbeenextendedwith three fast electrostaticforce algo-
rithms: Standardewald summation(O (N %)), smoothparticle-mesibasedewald
summation(O(N log N)) and multi-grid (O(N)), where N is the number of
particles/atomslin Section5.9.3,the performance®f the differentmethodsare
comparedTheir designsarebasedon the Policy patternto provide the flexibility
to customizehem.All threemethodsupportothvacuumandperiodicboundary
conditions.In caseof multi-grid underperiodicboundaryconditions the coarsest
grid is evaluatedoy anordinarymatrix-vectormultiplication,which to our knowl-
edgeis the bestapproachto consere systemproperties. Thesefastalgorithms
alsosupportdifferentsplittingsfor MTS integratorschemedgo lengthenthe time
stepand achieve better performance. However, theseadvancedmethodshave
numerousparameterandit is not alwaystrivial to find the right configuration
to achieve optimal run-timeefficiency for a givenaccurag. Therefore different
instrumentaimethodsare provided to comparerun-time efficiency andaccuragy,
suchthat the optimal choice of parameterdor a given force algorithm can be
determinechutomaticallyin thefuture.

The software packagePROTOMOL is generallyavailableasa public domain
code[63]. It is writtenin C++ andconsistof 40,000linesof codeand180C++
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classes. The communicationand parallelismis basedon the MessagePassing
Interface(MPI). PROTOMoOL runson Solaris,Linux, AlX, andIRIX systems.

Outlook

MD is anactveresearcHield, especiallythe developmentf thefastelectrostatic
force algorithmscombinedwith MTS integrator schemes. A major difficulty
with fast electrostaticforce algorithmsis the optimal choice of parameterdor
a given accurag and run-time efficiengy. It would be desirableto determine
theseparameterautomatically Furthermorethe choiceof the right methodis
obviously important. Thereis an ongoingcollaborationprojectat the University
of Notre Dameto provide heuristicestimatesandalgorithmsto chooseboth the
right methodandoptimal parameters.

The fastelectrostatidorce algorithmsshouldbe extendedfor genericpoten-
tials, e.g.,van der Waals. This will requirea careful extensionof the existing
designwith new policies.For somemethodshis mayhowever not betrivial.

During this thesis therequiremento customizehe parallelismin moredetail
wasidentifiedas a possibleenhancementThis is desirableto be ableto select
amongdifferentcommunicatiorapproacheandstratgiesof work distribution.

Fromtheframework pointof view, therearestill severalenhancemenigossi-
ble. For example theintegratordesignis missingthe supportof shadev Hamilto-
nianintegrators[106]. Thesearecheapapproximationgo the modifiedHamilto-
nianthatis closeto the Hamiltonianof interesf101]. Furthermoretheintegrator
designshouldbe revisited onceexperimentalintegratorshave beenproven valu-
able.
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B Design

R2: Boundaryconditions VacuumBoundaryConditions

(TBC)

R3: Cell managefCM)
On atompair
(TOneAtomRair)

R4: Non-bondedorce

R5: Switchingfunction
(TSF)

PeriodicBoundaryConditions

CubicCellManager

OneAtomPair<TBC, TCM, TSF, TNF, useSF>
OneAtomPairTwo<TBC, TCM, TSF1, TNF1,
TSF2, TNF2, useSF>

OneAtomPairMollifyLJ <TBC, TCM, TSF, TNF,
useSF>

OneAtomPairMollifyT wo<TBC, TCM, TSF1,
TNF1, TSF2, TNF2, useSF>

CoulombForce

GravitationForce

LennardJonesForce

MagneticDipoleForce

C1SwitchingFunction

C2SwitchingFunction
ComplementSwitchingFunctior<TSF>
CutoffSwitchingFunction
RangeSwitchingFunctioxTSF>
ShiftSwitchingFunction
UniversalSwitchingFunction

Table 5: Overview of policy choices for the non-bonded force algorithms (R1):
cutoff (or truncation), simple-full (or direct) and full (encounters also pairs over

different unit MD cells).

OneAtomPair computes one interaction pair, where

OneAtomPairTwo computes two potentials simultaneously. OneAtomPairMolli-
fyLJ and OneAtomPairMollifyT wo are the corresponding interactions for MOLLY

integrators.
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| CompareForce | |

A A

| ExtendedForce | CompareTime

A A

| SystemCompareForce

ExtendedCompareForce

BondSystemForceBase |

db | | |
1

| SystemTimeForce |

ExtendedTimeForce

FrictionExtendedForceBase

A

| BondSystemForce<TBoundaryConditions> |

AngleSystemForceBase |

A

| FrictionExtendedForce<TBoundaryConditions>

PaulTrapExtendedForceBase

A

AngleSystemForce<TBoundaryConditions> |

I I

PaulTrapExtendedForce<TBoundaryConditions>

HapticSystemForceBase |

A

HapticSystemForce |

NonbondedFullSystemForceBase |

L\ [

NonbondedFullSystemForce<TBoundaryConditions,
TCellManager, TOneAtomPair>

NonbondedSimpIeFulISystemForceBase{

L [

NonbondedSimpleFullSystemForce<TBoundaryConditions,

| MTorsionSystemForce<TBoundaryConditions>

A

| DihedralSystemForceBase

A

| DihedralSystemForce<TBoundaryConditions>

| ImproperSystemForceBase

] L

| ImproperSystemForce<TBoundaryConditions>

NonbondedFullEwaldSystemForceBase

TCellManager, TOneAtomPair>

| NonbondedCutoffSystemForceBase |

2 [

NonbondedCutoffSystemForce<TBoundaryConditions,

I L

NonbondedFullEwaldSystemForce<TBoundaryConditions,
TCellManager,real,reciprocal,correction, TSwitchingFunction>

| NonbondedMultiGridSystemForceBase

TCellManager, TOneAtomPair>

MagneticDipoleMirrorSystemForceBase

L [

MagneticDipoleMirrorSystemForce<TBoundaryConditions>

I L

NonbondedMultiGridSystemForce<TBoundaryConditions,
TCellManager, TInterpolation, TKernel,pbc,direct,smooth>

| NonbondedPMEwaldSystemForceBase

I I

NonbondedPMEwaldSystemForce<TBoundaryConditions,

TCellManager,real,reciprocal,correction, TInterpolation, TSwitchingFunction>

Figure 19: Overview design of forces.
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Force

getKeyword()=0
makeCompareForce()=0
getParameters()=0
getldString()=0

make() O-------------m e oo | - -1 doMake(errMsg,values)
numberOfBlocks()
doMake()=0
ExtendedForce CompareForce SystemForce
makeCompareForce@)- - - ----- - - \ CompareForce(Force*, CompareForcef) makeCompareForce@ = -~~~ :

evaluate()=0
parallelEvaluate(Jo-

if(tp—>parallel-next())
evaluate(tp,r,v,f,e);

7._____.__

preprocess()

postprocess(p- -
getForceObject() '
getForces() :
getEnergies() :
doMake()o- -
getKeyword() 1
getldString() .
getParameters() :
numberOfBlocks(Jo- i

evaluate()=0
parallelEvaluate() o-

mollify() o-
parallelMollify() o- - - -

new ExtendedCompareForce(actualForce,compareFo

S

. Force* myActualForce

CoordinateBlock* myForces
EnergyStructure* myEnergies

ey R

if(tp—>parallel-next())
evaluate(tp,r,v.f.e);

1
1
CompareForce* myCompareF:orc
1
1
1
1
T

\

new SystemCompareForce(actualForce,compare%e :

ExtendedCompareForce

evaluate()o-
parallelEvaluate()o-

preprocess();
myActualForce->parallelEvaluate(tp,r,v,f,¢);
postprocess(tp,v,f,e);

N

preprocess();
myActualForce—>evaluate(tp,r,v.f.e);

postprocess(tp,v,f.e);

myActualFurce»numberOfBlocks(H

myActualForce»make(errMsg.valu%I

Compute relative errors

|

SystemCompareForce

evaluate()o-
parallelEvaluate()o-
mollify() o
paralleMollify() ¢

preprocess();

postprocess(tp,fout,e);

myActualForce—>parallelMollify(tp,r,
fout,e,fin);

preprocess(); k

W)

postprocess(tp,f.e);

'
1
1
| myActualForce—>parallelEvaluate(tp,r.f,
1
1
1

preprocess();

postprocess(tp,fout,e);

myActualForce—>mollify(tp,r,fout,e,fin);

preprocess();
myActualForce—>evaluate(tp,r.f.e);
postprocess(tp,f,e);

N

Figure 20: Top level design of forces.
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SystemForce

evaluate(tp,r,f,e)=0
parallelEvaluate(tp,r,f,e)o-

if(tp—>parallel->next())
evaluate(tp,r,f,e);

"No mollify implementation”

parallelMollify()

mollify() O-==-=-====---------- !

AngleSystemForceBase

b .

BondSystemForceBase

. 2

AngleSystemForce<TBoundaryConditions>

BondSystemForce<TBoundaryConditions>

evaluate(tp,r,f.e)
calcAngle(boundary,angle,r.f,e)
calcAngleEnergy(boundary,angle,r)

evaluate(tp,r,f.e)
calcBond(boundary,bond,r,f,e)
calcBondEnergy(boundary,bond,r)

HapticSystemForceBase MagneticDipoleMirrorSystemForceBase
L . . L
HapticSystemForce MagneticDipoleMirrorSystemForce<TBoundaryConditions>}

evaluate(tp,r,f.e)

CoordinateBlock* myHapticForces
IMDEIf myIMDEIf

evaluate(tp,r,f.e)

Real myXsi, myR, myD, myHx, myHy, myHz, myTau

ImproperSystemForceBase

DihedralSystemForceBase

MTorsionSystemForce<TBoundaryConditions>

calcTorsion(boundary,torsion,r,f,e) A
calcTorsionEnergy(boundary,torsion,r)

b

2

ImproperSystemForce<TBoundaryConditions>

DihedralSystemForce<TBoundaryConditions>

evaluate(tp,r,f.e)

evaluate(tp,r,f.e)

Figure 21: Detailed design of bonded system forces.
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SystemForce

if(tp—>parallel->next()) &

evaluate(tp,r,f,e)=0
parallelEvaluate(tp,r,f,e)o- - - - - - - - - F-' -
mollify() o- --

parallelMollify()

evaluate(tp,r.f.e);

"No mollify implementation” H

NonbondedCutoffSystemForceBase

* NonbondedFullSystemForceBase

2

NonbondedCutoffSystemForce<TBoundaryConditions,
TCellManager,TOneAtomPair>

evaluate()
parallelEvaluate()

mollify()
doEvaluate(o- - === === ===========-=-----

TOneAtomPair myOneAtomPair
Real myCutoff

for (; lenumerator.done(); enumerator.next())
for(i=pair.first; il=—1; i=tp—>atoms][i].cellListNext)
for(j=pair.second; j ; j=tp—>atoms[j].cellListNext)
myOneAtomPair.doOneAtomPair(i,j);

NonbondedPMEwaldSystemForceBase

b

NonbondedFullSystemForce<TBoundaryConditions,
TCellManager,TOneAtomPair>

evaluate()
parallelEvaluate()
doEvaluate(o- - - - === == === === ------- '

TOneAtomPair myOneAtomPair

for(j=i+1;j<r->size();j++)
for all lattice vectors
myOneAtomPair.doOneAtomPair(i,j,I)

NonbondedSimpleFullSystemForceBasd

b

A |

NonbondedFullEwaldSystemForce<TBoundaryConditions,
TCellManager,real,reciprocal,correction, TSwitchingFunction>

evaluate()
parallelEvaluate()
initialize()
realTerm()
reciprocalTerm()
correctionTerm()

Real myAlpha

NonbondedMultiGridSystemForceBase

NonbondedSimpleFullSystemForce<TBoundaryConditions
TCellManager,TOneAtomPair>

evaluate()
parallelEvaluate()
doEvaluate()o- - - -----=-===-==----

TOneAtomPair myOneAtomPair
Real myCutoff

for(i=0;i<r-size();i++) &
for(j=i+1;j<r—>size();j++)
myOneAtomPair.doOneAtomPair(i,j)

| NonbondedFullEwaldSystemForceBase

2

NonbondedMultiGridSystemForce<TBoundaryConditions,
TCellManager,TInterpolation, TKernel,pbc,direct,smooth>

2

evaluate()
initialize()
shortRangeTerm()
longRangeTerm()
correctionTerm()

NonbondedPMEwaldSystemForce<TBoundaryConditions,
TCellManager,real,reciprocal,correction, TInterpolation, TSwitchingFunction>

MultiGrid<TInterpolation, TKernel,pbc,pbc,pbc> myGrid

evaluate()
parallelEvaluate()
initialize()
realTerm()
reciprocalTerm()
correctionTerm()

Grid<TInterpolation> myGrid
Real myAlpha

Figure 22: Detailed design of non-bonded system forces.
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if(tp—>parallel->next())
evaluate(tp,r,v,f.e);

N

ExtendedForce
FrictionExtendedForceBase

PaulTrapExtendedForceBasq

evaluate(tp,r,v,f,e)=0

static const string keyword parallelEvaluate(tp,r,v.f.@ - - - - - - - - - -

static const string keyword

A

FrictionExtendedForce<TBoundaryConditions>

PaulTrapExtendedForce<TBoundaryConditions>

(O] += (VIiFmyF;
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parameters.push_back(ParameterType(
"—omegaR",VarValType::REAL,VarVal(myOmegaR)));

parameters.push_back(ParameterType(
"-omegaZ",VarValType::REAL,VarVal(myOmegaZ)));

return keyword; &i

FrictionExtendedForce() PaulTrapExtendedForce()
FrictionExtendedForce(Real f) PaulTrapExtendedForce(Real omegaR, Real omepaZ,
evaluate()o- - ------------------- | evaluate()o-------------------------
parallelEvaluate(- - - - - - - - - - - - - - P getParameters@-------------------
getParameters@- - ----------- ' . doMake()O------------------- v '
doMake() O- - === === -==--- Lo ' getkeyword() o
numberOfBlocks() ! ' N
getKeyword()o---------- ' R
doEvaluate(p- - - - --- - - o ! Eea: mygmegaé .
—— : eal myOmega v
Real myF I ' R
. L
] 1 !
! : ' Real omegaR = values[0].getReal(); & ! :
Lo : Real omegaZ = values[1].getReal(); : :
for(int i=from;i<to;i++) K E : return new PaulTrapExtendedForce(omegaR,omegaZ); : :
b -
] ! ]
1 1
| !
| !
| !
| |
\ |

Real f = values[0].getReal(); K

return new FrictionExtendedForce(f);

for(int i=0;i<r—>size();i++)

parameters.push_back(ParameterType( &
"-k",VarValType::REAL,VarVal(myF)));

for(unsigned int i = 0;i<count;i++){ &
if(topo—>parallel->next()){
intto=...;
intfrom=...;
doEvaluate(tp,r,v,f,e,from,to);
}
}

doEvaluate(tp,r,v,f,e,0,r->size()); k‘

Figure 23: Detailed design of extended forces.



TBoundaryConditions
TCellManager

L]
L]
TSwitchingFunction
'
L}

TNonbondedForce
. useSwitchingFunction

OneAtomPair | A N
initialize()
doOneAtomPair(i,)) O- - === == === === - == ——-a
getParameters@Q------------------- .
getldString()
doMake()O-------------------- .

TSwitchingFunction switchingFunction '
TNonbondedForce nonbondedForceFunction
1

|
return OneAtom Pair(TSwitchingFunction::doMake()k
TNonbondedForce::doMake());

nonbondedForceFunction.getParameters(paramet&s';
switchingFunction.getParameters(parameters);

Compute distance between atom pair considering boundary condi%ﬁ
Rough cutoff test, if necessary

Check for exclusions

Compute force and energy contributions

Apply switching function, if necessary

Accumulate force and energy contributions

, TBoundaryConditions

1 TCellManager

v TSwitchingFunctionFirst

' TNonbondedForceFirst

! useSwitchingFunctionFirst
! TSwitchingFunctionSecond
1 TNonbondedForceSecond

OneAtomPairMollifyTwo :

initialize()

doOneAtomPair(i,j)
getParameters()

getldString()

doMake()
calcLJHessianAndUpdateZi()
calcLJHessianAndUpdateZi()

TSwitchingFunction switchingFunction
TNonbondedForce nonbondedForceFunction
TSwitchingFunction switchingFunction
TNonbondedForce nonbondedForceFunction
Real mySwitchOn, myCutoff

useSwitchingFunctionSecongl

TBoundaryConditions
TCellManager
TSwitchingFunctionFirst
TNonbondedForceFirst
useSwitchingFunctionFirst

TNonbondedForceSecond

OneAtomPairTwo

]
]
L]
L]
L]
L]
L]
L]
L]
L]
TSwitchingFunctionSecond
L]
L]
|
d
1

useSwitchingFunctionSecon

initialize()
doOneAtomPair(i,j) 0- - - - - - === - - - - - - -} - - - - - -
getParameters@- - - - ---------------}------
getldString()
doMake() O- - - === === == - oo e - - ] [

TSwitchingFunction switchingFunction
TNonbondedForce nonbondedForceFunctiory

TNonbondedForce nonbondedForceFunctiory

i
!
!
!
|
!
TSwitchingFunction switchingFunction '
1
1
1
1
i

return OneAtomPair(TSwitchingFunctionFirst::doMake(), k

TNonbondedForceFirst::doMake(),
TSwitchingFunctionSecond::doMake()
TNonbondedForceSecond::doMake());

nonbondedForceFunctionFirst.getParameters(parameters); k
switchingFunctionFirst.getParameters(parameters);
nonbondedForceFunctionSecond.getParameters(parameters);
switchingFunctionSecond.getParameters(parameters);

Compute distance between atom pair considering boundary condit%A
Rough cutoff test, if necessary

Check for exclusions

Compute 1st force and 1st energy contributions

Compute 2nd force and 2nd energy contributions

Apply 1st switching function on 1st contribution, if necessary

Apply 2nd switching function on 2nd contribution, if necessary
Accumulate forces and energy contributions

TBoundaryConditions
TCellManager

TNonbondedForce

L]

1 L]
1 L]
1 L]
1 L]
! TSwitchingFunction |
: '
1 L}
1 L}

useSwitchingFunction

OneAtomPairMollifyLJ

initialize()

doOneAtomPair(i,j)
getParameters()

getldString()

doMake()
calcLJHessianAndUpdateZi()
calcLJHessianAndUpdateZi()

TSwitchingFunction switchingFunction
TNonbondedForce nonbondedForceFunction
Real mySwitchOn, myCutoff

Figure 24: Detailed design of TOneAtomPair , evaluating one interaction pair or

two simultaneously.
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C Code

#include  “ExtendedForce.h"
#include  "PaulTrapExtendedForceBase.h"

template<class TBoundaryConditions>
class PaulTrapExtendedForce : public  ExtendedForce,
private  PaulTrapExtendedForceBase {
public:
PaulTrapExtendedForce():myOmegaXY(0.0),myOmegaZ(0.0){} ;
PaulTrapExtendedForce(Real omeagXY, Real omegaZ):myOmegaXY(omegaXY)myOmegaZ(omegaZ){};

public:  // From class SystemForce
virtual void evaluate(const GenericTopology* topo,
const CoordinateBlock* positions,
const CoordinateBlock* velocities,
CoordinateBlock* forces,
EnergyStructure* energies){
const TBoundaryConditions &boundary =
(dynamic_cast<const SemiGenericTopology<TBoundaryConditions>& >(*topo)).boundaryConditions;
Real e = 0.0;
for(int i=0;i<topo->atoms.size();i++){
Real c¢ = topo->atomTypes[topo->atoms]i].type].mass;
Coordinates  pos(boundary.basisPosition((*positions)[i]));
Coordinates  f(c*myOmegaXY*myOmegaXY*pos.x,
c*myOmegaXY*myOmegaXY*pos.y,
c*myOmegaZ*myOmegaZ*pos.z);
(*forces)[i] = f;
e += 0.5*c*(myOmegaXY*myOmegaXY*(pos.x*pos.x+pos.y*pos.y)+
myOmegaZ*myOmegaZ*pos.z*pos.z);

}
energies->otherEnergy += e;
}
public: /I From class Force
virtual string  getKeyword() const{return keyword;}
virtual string  getldString() const{return keyword;}
virtual void getParameters(vector<ParameterType>& parameters) const{
parameters.push_back(ParameterType("-omegaXY",VarValType::REA L,
VarVal(myOmegaXY)));
parameters.push_back(ParameterType("-omegaZ" VarValType::REAL ,
VarVal(myOmegaZ)));
virtual unsigned int getParametersCount() const{return 2;}
protected:
virtual Force* doMake(string&, const vector<VarVal>&) const{

Real omegaXY = values[0].getReal();
Real omegaZ = values[1].getReal();
return  new PaulTrapExtendedForce(omegaXY,omegaZ);

}

private: /I My data members
Real myOmegaXY;
Real myOmegaZ;

h

Program 13: Detailed implementation of a Paul Trap attraction.
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#include  “ExtendedForce.h"
#include  "FrictionExtendedForceBase.h"

template<class TBoundaryConditions>

class FrictionExtendedForce : public ExtendedForce, private FrictionExtendedForceBase {
public:
FrictionExtendedForce():myF(0.0){};
FrictionExtendedForce(Real f):myF(){};
private:
void doEvaluate(const GenericTopology* topo, const CoordinateBlock* positions,
const  CoordinateBlock* velocities, CoordinateBlock* forces,
EnergyStructure* energies, int from, int to){
for(int i=from;i<to;i++)
(*forces)[i] += (*velocities)[i]*myF;
public: /I From class SystemForce
virtual void evaluate(const GenericTopology* topo, const CoordinateBlock* positions,
const CoordinateBlock* velocities, CoordinateBlock* forces,
EnergyStructure* energies){
doEvaluate(topo,positions,velocities,forces,energies,0,p ositions-  >size());
virtual void parallelEvaluate(const GenericTopology* topo, const CoordinateBlock* positions,
const CoordinateBlock* velocities, CoordinateBlock* forces,
EnergyStructure* energies){

int  n = positions->size();

int  num = topo->parallel->getAvailableNum();
int count = 0;

if(num >= n) count = n;

else if(num*2 <= n) count = 2*num;
else count = num;

for(int i = Oji<count;i++){
if(topo->parallel->next()){
int to = (n*(i+1))/count;
if(to > (int)n) to =n;
int  from = (n*)/count;
doEvaluate(topo,positions,velocities,forces,energies,from,to)

Prd

public: /I From class Force
virtual string  getKeyword() const{return keyword;}

virtual string  getldString() const{return keyword;}
virtual void getParameters(vector<ParameterType>& parameters)  const{
parameters.push_back(ParameterType("-k",VarValType::REAL JNarval(m  yF)));
virtual unsigned int getParametersCount() const{return 1;}
virtual void numberOfBlocks(const GenericTopology* topo,

const CoordinateBlock* pos,

unsigned int& n,unsigned int&  step){
int count = pos->size();

int  num = (unsigned int)topo->parallel->getAvailableNum();

if(hum  >= count)
n = count;

else if(num*2 <= count)
n = 2*num;

else
n = num;

step = 1,

protected:
virtual Force* doMake(string&, const vector<VarVal>&) const{

Real f = values[0].getReal();
return  new FrictionExtendedForce(f);

}
private: /I My data members
Real myF;

b

Program 14: Detailed implementation of a velocity dependent friction.
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D Gallery

D.1 Biomolecules

Thefollowing picturesweregenerateavith PRoToOM oL andraytraced® with the
graphicdramavork BOOGA[3, 17, 117.

Figure 25: Bovine pancreatic trypsin inhibitor (BPTI) without water, 898 atoms;
a 58 amino acid polypeptide that adopts a tertiary fold comprising two strands of
antiparallel beta sheet and two short segments of alpha helix.

25The raytracemethodis a well-known methodin computergraphicsto generaterealistic
pictureswith shadaev, reflectionandtextures.
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Figure 26: Alanin, 66 atoms. A nonessential amino acid, alpha-aminopropanoic
acid, occurring in proteins.

Figure 27: 141-molecule water system.
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Figure 28: Apolipoprotein (ApoAl) without water, 27,850 atoms, P02647.
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D.2 IM200 —Labcoursein Computational Science

During spring2002,1M200 (a laboratorycoursein computationakcience)was
given at the Departmenibf Informaticsat the University of Bergen. The main
purposeof this coursewasto simulateand study scientific problemswith the
help of software packages.One of the exerciseswas basedon the framavork
PROTOMOL.

The purposeof the exercisewasto investigatethe structureanddynamicsof
so-calledionstrappedin anelectricand magneticfield (Paul Trap). lonsin free
spaceepeleachotherdueto Coulombforce repulsionandexpandto infinity. In
a trap, an additionalattractve potentialkeepsthe systembounded. For certain
parameter®f the potential,the mostfavorableenegetic configuration(the state
with lowestenegy) of theionsorganizethemselesin alinearstring. Suchastring
is at presentone of the mostpromisingcandidatesor implementinga quantum
processqrwhich have the potentialof solving certainclassicalexponentialprob-
lemsin lineartime.

During this exercise the studentgperformedsereralsimulationswith PROTO-
MoL andwereaskedto solve thefollowing problems:

e Probleml
— For atwo particlescalculatetheequilibriumdistancebetweerthetwo
Ca/, ions.m = 40.08, ¢ = 1.0.

— Verify your calculationby running PROTOMOL with the two-ion ex-
ample.DownloadVMD to visualizethe behaior.

— Setup a seriesof simulationswith increasinghumberof ionsandrun
ProTOMOL until theinitial stringformsa bulk.

e Problem2

— Find the right Paul Trap parametersuchthat up to 41 Caj, ions a
convergenceto a string is seen,where42 or moreions form a zig-
zagline or a bulk. Down load and usethe systemfiles (PSE XYZ-
positionsand PAR) for 41 and 42 ions. For the configurationfiles
setw, = 10719[fs1], temperatureof 107K and usethe Leapfrog
integratoranda friction force.

e Problem3
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— Therealscientificinterestis in large numbersof particles.Runsome
testfor differentvaluesof N anddevelop a modelfor thetime com-
plexity for the code. Assumeyou got the new IBM regattasystemat
your disposafor aweek,how large systemcanyou simulate?

— If we increasehe numberof ions beyond the break-wer from string
to bulk otherformswill appear Setthe numberof ionsto 10000and
computeuntil astableformis achieved. How doesthisform look like?

— Now the problemhasbecomecomputationallyexpensve. Thuswe
needfastforce calculationand efficient time integration. Play with
differentforce calculationandtime integratorsandfind onethat bal-
anceefficiengy with accurag well.

A detaileddescriptioncanbefoundat

http://mww.ii. ui b.n o/ "mat th ey/ im200/ 02/
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D.3 Magnetic holes— Ugelstadspheres

Ugelstadspheresin a magneticfluid and an applied magneticfield createan
analogyto Archimedeslaw. The spheresbecomemagneticholesand act as
magnetiadipoleswith a dipolemomentin the oppositeway of the magnetidield.

Figure 29: 15 Ugelstad spheres (by courtesy of Andreas Hellesgy).

The strengthof the dipole & is governedby the volume displacemenbof the
ferrofluid, the strengthof the externalmagneticfield andthe susceptibilityof the
ferrofluid:

0= _VXeffﬁ- (51)
Xey 7 1S theeffective susceptibilityasa resultof thegeometryof the Ugelstadbead,

asphere Theforceon adipole: interactingwith adipole j of equalstrengthand
directionis givenby

=Y (_302(%- Mij 150 F;-j)?-ﬁj I ORGO -ﬁj)) (52)

5
i>j " "ij
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In experimentscomparingwith the theoreticalresults,the spheresandthe mag-
netic fluid are confinedbetweentwo glass-plates.The boundaryconditionsbe-
tweentheferrofluid andthe glass-platesanbe satisfiedby introducingso-called
mirror-dipoles.An infinite seriesof imaginarydipolesof Ugelstadspherasirror-
imageswould appear if the glass-platesvere mirrors satisfyingthe boundary
conditions.

Thestrengthof themirror-imagesdecreaseasx’, where; is theimagenumber
and

Xf
K = , 53
Xf+2 (53)
andy is thesusceptibilityof the ferrofluid.
This work wascarriedout by AndreasHellesgy?® for his Masters degreeand
aspartof the NOTUR TechnologyTransferProjectNo. 5, fundedin partby the
NorwegianResearctCouncil. More detailscanbe foundat

http://mww.fi. ui b.n o/ "h el le soy /T TP5. ht ml

26pepartmenof Physics Universityof Bergen.
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D.4 Coulomb crystals

lon CoulombCrystalsarethesolid stateof plasmacontainingonly particlesof the
samesign of chage. One-componenplasma(OCP%) consistonly of onesingle
ion speciegFigure30). OCP5s atlow temperaturebave beenstudiedintensvely
theoreticallyand during the last 10 yearsalso experimentallywith lasercooled
ionsin traps[52, 94, 102,116].

The potentialis a sumof electrostatiagepulsionsandtrap attractions

N
. 1 .
U = Z UZ%Iectrostatlc_i_ Z < miw zy .T + yz) + szw Zf) .= (wi,yi,zi)T-
(54)

Here,r; is thecoordinateof particle:. Thisongoingprojectis acollaboratiornwith

JanPetterHanseR’ andMichael Drewserf® who providesexperimentaldata.We

investigatdor increasinghumberof ionswhetherthey corvergeto shellstructure
or not (Figures31,35-38),especiallyfor bi-crystals(Figure 32). U®ectrostaticjg

evaluatedwith the multi-grid method. For the larger simulationsthe multi-grid

methodis about100-300times fasterwith a maximumrelatve force error of

order10—3 comparedo thedirectmethod.For the corvergenceto shellor lattice
structurethis accuray is appropriated.If neededone may run somefew final

stepswith amoreaccurateanethod.lt is partof the NOTUR TechnologyTransfer
ProjectNo. 5, fundedin partby the Norwegian ResearctCouncil.

2’Departmenbf Physics University of Bergen.
28The ion Trap group, Institute of Physics and Astronomy University of Aarhus.
http://www.ifa.au.dk/iontrapgroup/
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Figure 30: Front hemisphere of the outer shell of a 20,288 Caj, system.
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Radial distribution
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Figure 31: Radial distribution of a system with 20,288 Ca;fo.
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Figure 32: Front hemisphere of the outer shell of a 10,144 Ca;fo(o) and 10,144
A3f (e) system.
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Figure 33: Front hemisphere of the outer shell (250.4-252.2um) of a 10,144
Caj,(o) and 10,144 AZf (e) system.
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Figure 34: Front hemisphere of the outer shell (242.2-250.4um) of a 10,144
Caj,(o) and 10,144 AZS (e) system.
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Radial distribution
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Figure 35: Radial distribution of a system with 10,144 Caj, and 10,144 A3} .
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Radial distribution
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Figure 36: Radial distribution of a system with 100,000 Ca;fo.
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Radial distribution
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Figure 37: Radial distribution of a system with 50,000 Caj, and 50,000 A3 .
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Radial distribution
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Figure 38: Radial distribution of a system with 2,057 Ca;fo.
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