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FastNearNeighbourSearchn MolecularDynamicsSimulation
UsingaHashedOct Tree

NikosElpidoforou

Universityof Athens,Greece,
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Laboratoryof PhysicalChemistry

E-mail: ®hwue@yahoo.com

Abstract:

Thetraditionalnearneighboursearches moleculardynamicscodesrequirean O(N) com-
putationaleffort per particle. Tree Algorithms canreducethis to O(logN) exploiting the tree
structureto obtainaninitial list of neighbour'boxes'. The aim of this article is to explore a
fastnearneighboursearchalgorithmbasedon the HashedOct Treedatastructure The particle
coordinatesremappedntoasortedist of binarykeys, which canbeusedto rapidly determine
thelocationof theparticleswithin thetree. Theintroducedalgorithmis exploiting theproperties
of the particlekeys to createa nearneighboulist.

Intr oduction

Thebasicrole of acomputersimulationis to provide uswith approximatesolutionsfor a seriesof prob-
lemsconcerningStatisticalMechanicsor ary otherdomainof sciencevherewe needto studya setof N
interactingobjects.This challengds well known asthe N-body problem.Simulationcanbe eithera test
of theoryor atestof models.lt is becausef that particularconnectiorthatit is oftencalled'Computer
Experiment'.In the eld of StatisticalMechanicshe simulationgivesus a straightforvard connection
betweenthe microscopicand the macroscopigropertiesof a systemof N moleculesIn otherwords
through somesimulationtechniqueswve can obtain propertiesof experimentalinterest(e.g. transport
coefcients) from the moleculardetailsof a particularsystem.One of thosetechniqueds Molecular
Dynamicg[1]. Wewill give ashortovervien of themethodin thefollowing chapter

Molecular Dynamics

MolecularDynamicg(MD) is thetermwe useto describéhesolutionof theclassicabquation®f motion
for a setof N molecules.The aim is to generatehe moleculartrajectoriesas accuratelyas possible.
Consideringa setof N interactingmoleculeswith Cartesiarcoordinates; andthe usualde nitions of
kinetic andpotentialenegy the equation®f motionscantake a quite simpleandfamiliar form:

me; = f; 1)

This shavs thatMD involvesthe quite dif cult taskof solvinga systemof 3N secondorderdifferential
equationsA standardnethodthathelpsour causes the nite differenceapproachwhich hastwo basic
algorithmicforms:



The GearPredictorCorrectorandthe Verletalgorithm

Thegeneraideaof theseapproachess to try to getthe positions velocitiesetcat a certaintime t with a
desireddegreeof accurag usingthe positions,velocitiesetc of a previoustime t-dt before.In this way
the equationf motion canbe solved on a step-by-stefpasis.The basicformulasof thetwo algorithms
mentionedabove aregivenin brief in thenext sections.

Finite differencemethods

The\Verletalgorithm

TheVerletalgorithmis basednthe positionsr(t) andtheaccelerationa(t) of a certaintime stepandthe
positionsr(t-dt) of the previous step.So,in orderto getthe positionof the next time stepr(t+dt) we use
thefollowing equation:

rt+ t)=2r(t) r(t t)+ tz%f(t) 2)

Having the new positions we canestimatethe new accelerationshroughthe forcesthatareactingover
all moleculesandthusmave thewhole systemforwardfor anothettime step.We obsenre thatthe Verlet
algorithmis time-reversibleandthat the velocitiesdo not appearin the basicEq. 2. The velocitiesare
givenby thenext equation:

rit+ t) r(t t)
2t

Thereasorthatthey do notshawv upis thatthey arebeingeliminatedby additionof the next equations.

v(t) = 3)

r(t+ t)=r(t)+ tv(t)+ % tz%f (t) + = (4)

rt t)=r()  tv(t)+ % tz%f(t) o (5)

Egs.(4-5)arethe Taylorexpansionsboutr(t). Thereareseveralotherformsof thebasicVerletalgorithm
thathave beenproposedo dealwith problemghatoccurdueto numericaimprecision.Themostfamous
is the half stepleap-frogalgorithmthathasthe following form:

FE+ 1) = r(t) + tv(t+ % t) (6)

v(t + % t) = w(t % t) + t%f (t) 7)

It is obviousthatif we eliminatethe velocitieswe will getthe basicschemeof Verletalgorithmwhichis
shawving usthatthetwo formsaremathematicallyequivalent.

TheGearPredictorCorrector

The Gearpredictorcorrecto algorithmtriesto generateahetrajectoriesof the moleculesobtaining rst
an estimateof the positions,velocitiesetc at time t+dt. The equationdor sucha predictionare given
below:

rP(t+ t) = r(t)+ tv(t)+ % t%a(t) + é t30(t) + @ (8)



VP(t+ t) = v(t) + ta(t) + % t2b(t) + (9)

aP(t+ t)=a(t)+ tb(t) + :: (10)

PP+ t)=b(t) + :: (11)

Afterwardswe applyacorrectionstep.Thatis, we calculatethe'correct’ new accelerationfrom thepre-
dictedvaluesof the new positions.Thisis doneby evaluatingtheforcesover all moleculesThe'correct'
new accelerationsrecomparedvith the 'predicted' new accelerationandwe obtainanestimateof the
errorin the predictionstep.The comparisoris performedwith thefollowing equation:

alt+ t)=aS(t+ t) aPt+ t) (12)

The errorwe calculatein Eq.(12)is usedto correctthe predictedvaluesaswe canseethroughthe next
equations:

rét+ t)=rPt+ t)+c alt+ t) (13)
Ve(t+ t)=VvP(t+ t)+c alt+ t) (14)
a’(t+ t)=aP(t+ t)+c alt+ t) (15)
b°(t+ t)=P(t+ t)+c3 alt+ t) (16)

Thecorrectedraluesobtainedoy Egs.(13-16arebetterapproximationso therealvaluesof thepositions,
velocitiesetc. If we wantwe canrepeathecorrectionstepin orderto achiere afurtherre nementto the
obtainedvalues.The coefcients in Eqgs.(13-16)dependon the orderof the differentialequationbeing
solvedandmary differentsetsof valueshave beenproposed1].

Neighbourists

Thealgorithmspresentedh thetwo previoussectionshav thatthemostcrucialpartin aMD simulation
is wherewe evaluatethe forcesand hencethe nev acceleration®btainedfrom the nev positionsof
the molecules.Thatis true aslong as we considerthat the greatesiamountof computationatime is
spentexamining the setof the pairs of moleculesandidentifying thosepairs separatedby lessthana
givenradiusand computingthe forcesfor this subsetFor eachmoleculethe setof neighbourswithin
this speci ¢ radiuschangesith time andthe taskof identifying andrejectingmoleculesis very time
consumingOur goalis to reducethe time neededo build a certainnearneighbourist usinga Hashed
Oct-Treedatastructure In the next sectionswe will presenthe basicneighboutisting techniqueghat
areusedandthe basicsof the HashedOct Treealgorithm.

We have alreadymentionedhepresencef acertainradiusaroundamolecule Thatradiusis actuallythe
distancaupto wherewe considethatthismoleculecan'sensethepresencef adifferentonedueto their
pairwiseinteraction.If amoleculelies outsideof this radiuswe do not take into accountary interaction
with the certainone. This radiusis calledthe potentialcut-of. Physicallythis is justi ed becausdhe
interactionsat greatdistancebetweemeutralmoleculesarenggligible. A quitesimpleapproachin MD

simulationis for a certainmoleculei to loop over all moleculeg searchindor theoneswhich lie inside
the cut-of. Thisis very time consumingproportionalto N 2 andit slows down our simulation.To avoid

this therearetwo methodsof building neighboutists for eachmolecule.The Verletalgorithmandthe
cell structuresandlinked lists method[1].



TheVerlet Algorithm

The ideabehindthis algorithmis to createa thick 'skin' aroundthe cut-off sphereof a molecule.The
moleculeis now sitting in the centreof two spheresat the sametime. The onespherehasa radii equal
to the cut-of andthe secondspherehasa radii r(l) whichis greaterthanthe cut-off. Thenalarge array
NEIGHBOUR s constructedvhich containsall of the neighboursof eachmoleculeinsidether(l). In
orderto nd theneighbour®f agivenmoleculewe needanindex andthatis satis edby ananothetarray
INDEX which pointsto the positionof the arrayNEIGHBOUR wherethe rst neighbourof the given
moleculelies. The codelocatesthe neighboursf a molecule(i) by checkingthe arrayNEIGHBOUR
from the positionINDEX(i) to INDEX(i+1)-1. This neighboutist is thenupdatedat intenals of 10-20
timesteps.

Cell structuesandlinkedlists

Thepreviousneighboutisting failswhenwe aredealingwith setsof morethan1000moleculesThesize
of thearrayNEIGHBOR becomegoo large andcreatesstorageproblems.Soan alternatve methodhas
beenproposedthecell index method We divide thesimulationbox into alattice of cells. Thesideof the
cellis greatetthanthe cut-off radius.We createa separatdist of moleculesn eachof thosecellsandwe
canspeedup the neighbouringsearchcheckingonly the cellswe areinterestedn. Thewhole procedure
is carriedout by the methodof linkedlists. We rst sortthemoleculednto the cellswhile we createtwo
arrays.The rst arrayHEAD hasoneelementfor eachcell that containsthe identi cation numberfor
oneof the moleculesn thatcell. This numberis usedto addresshe elementof the secondarrayLIST
which hasthe numberof the next moleculein that cell. After thatthe elementfor that moleculeis the
index of thenext moleculein the cell andsoon. Finally after severalindexing numbersof moleculesve
will reachanelementof LIST whichis zero. Thatmeanghatwe have checledall the moleculesof this
cell andwe canmove forwardto the next cell throughthearrayHEAD.

The HashedOct TreeAlgorithm (HOT)

Introduction

Oneof themotivationsfor usingatreedatastructurefor theneighboursearchingroblemis thatwe have
theopportunityto rejectlarge setsof moleculesor particlesquickly andeasily Thatis dueto theoct-tree
datastructurethat'distributes' the particlesinto cubicalregionscalledfrom now on'cells'. Thereis a
greatcube representinghewholesimulationbox, calledthe'root'. We candivide eachof thedimensions
of the root into half and produceeight subcellsinside the root. This 'cutting' procedureis continued
for every subcell,until eachcell is eitherempty or containsonly one particle. This operationcan be
optimisedby constructingoinarykeys to mapthe 3-dimensionaspatialcoordinate®f the particlesonto
aonedimensionatune. Thekeys do notreplacethe particles'coordinateshut give usarapid meansof
sortingthemandbuilding theoct-treestructurearoundthem.Thekeys areconstructedrom thefollowing
operationjf we arereferringto anoct-tree(3d):

nbits 1 _
key = placebit+ 8 (4 BIT(iz;j)+2 BIT(iy;j)+ BIT(ix;j)) @7
j=0

ThefunctionBIT () selectghej-bit of theintegercoordinatecomponentsvhich aregivenfrom:

y.
S (18)

i - X. I -
X 3’ y



where:

s= L (29)

~ onlev
andL is thelengthof thesimulationbox. Actually nbitsis thelengthof thedimension®f the'root'. nlev
is the maximumre nementlevel. Thatmeansthats is referringto the lengthof the dimensionf the
subcellsn themaximumre nementlevel. The placebitis de ned by:

placebit= 2P " (20)
whereD=3.

We addthis placebitto avoid ary ambiguityamongkeys atdifferentlevels. This placebitis alsocalledthe
place-holdebit andrepresentthe'root'. The constructiorof thekeys, if we arereferringto aquad-tree
(D=2) isthesame:

nbits 1 '
key = placebit+ 4 (2 BIT(iy;j) + BIT(ix;j)) (21)
j=0

Theparameterarede nedthesamewaylikein Eqs.(18-20)Figurel shavs how atreestructures built
in 2 dimensions.

NLEV=1

NLEV=2

N

ROOT

/

Figurel: Treestructurein 2 dimensions.

All particlesare rst attachedo the'root'. The'root' is dividedinto 4 sub-squareandthe particlesre-
attachedaccordingly A sub-squareontainingonly oneparticleis de ned asa'leaf, while sub-squares
with morethanonearede ned as'twigs' andsubsquarewith no particlesarediscardedThis procedure
is continueduntil eachparticlesitsin its own square Eachkey identi es the locationin the tree of a
particularcollectionof data.To retrieve the datacorrespondingo ary key, we musttranslatethekey to
apointerthatshavs the memorylocationcontainingthe data.So, obviously anindexing problemarises
becaus®f the very large numberof possiblekeys. To overcomethis, we mapthe valuesfrom the very
large setof possiblekeys into a smallersetwhichis usedasanindex into a hashtable.This mappingis
calledhashingFor moredetailsaboutthe HashedOct Treealgorithmthereadercanreferto [2].
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TheHOT NeighbourSeach

We have alreadymentionedthatwe wantto build nearneighbourists exploiting the tree structureand
basicallythe propertieof the particlekeys. Theinitial goalis to inventafastbit operatiorin orderto nd
the neighbouringkeys of a speci ¢ particlekey. This key is actuallyrepresenting sub-cell(a box) in
thetreestructureandmay containmorethanoneparticle.Sowe will try to nd away of calculatingthe
neighbouringsub-cell§rom thegivenkey (sub-cell).Thisis clearin Fig. 2 wherewe give a 2D example.
We considera maximumre nementlevel of 2 andfor a given particlewe nd its key (sub-squareand
try to calculatefrom thatthe neighbouringkeys (sub-squares).

Figure2: 2D example.

Moving insidethe sameparentbox

The constructionof the tree structuredealswith a very simple operation;getting the parentand the
child keys of a particlekey in a speci c level of re nement. The parentandthe child keys canbe found
by simple bit shifting operationg3] andrepresenthe directly lower and higherlevels of re nement
respectiely. So,for a givenlevel of re nementwe have to consider rst how to move insidethe same
parentbox. We will considera 2 dimensionakxample(Fig.3)to illustrateour discussion.

11010 11011 11110 11

11000 11001 11100 ,

10110 1

10100 1010

Figure3: Moving insidethe sameparent.

Whenwe wantto getthe squarethat lies on the right of the given squarewe will usethe phrase;'to
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move right". Equalexpressionwvill beusedto getthesquareghatlie ontheleft andsoon.Moving right
insidethesameparentbox meanghatwe have to addone(+1) to thekey andmoving left meansve need
to substracbne(-1). Moving up we addtwo (+2) andmaving dovn we substractwo (-2). Diagonally
movementcanbe achiezed with linear combinationof thosetwo simpleoperationsSo,a rst form of
neighboursearchinganbethefollowing:

K(ij) = particle_key + c(@) + c() (22)
wherec(i) determineghe movementon the x direction and c(j) determinesghe movementon they
direction.

Thosetwo componentsregivenby thenext equations.

ci) = li| sign() , i=1,0,1 (23)

c@) =21l signG) , =101 (24)

Crossingthe boundariesof the parentboxes

A problemariseswhena neighbouringbox lies in the neighbouringparentbox (Fig.4). So, in orderto

getit we have to crossthe boundarieof the parentbox to which our particlekey belongs.As onecan

see,crossinga right boundarywe needto addthree(+3) andcrossingthe left onewe have to substract
three(-3). A top boundaryforcesusto addsix (+6) andthe oppositemale us substracsix (-6). That

meanswve mustthink of a way to extendthe Eqgs.(23-24)in the caseof crossingthe boundarief the

parentboxes.We formalisethis procedurewith thefollowing logic:

Moving rightwardswe have to addoneor three.

¢ = 1 AND same-parent OR 3 AND not-same-parent
Cc =1xsp + 3 X nsp
c =1x (1-nsp) + 3 X nsp

c=1+2x nsp (25)

We considersp andnsp beinglogical variableswhich take the valuesl or 0 if they aretrue or false
respectiely. Proceedinghe sameway for moving left we endupin thefollowing.

c=-1 - 2 X nsp (26)

How canwereplacehelogical variablensp whichis only known a posterior? We cando this by setting
nsp = BIT (particle_key, 0) (27)

whenwe move right and
nsp = 1 - BIT (particle_key, 0) (28)

whenwe move left. This bit operationis just picking the O bit of the particlekey. If thisis 0 we know it
is attheleft edgeof the parentbox; if it is 1, we know it is at heright edgeof the parentbox. So, if we
substituteEqs.(27),(28)nto (25),(26)we endup with:

7



11010 11011 11110 11

11000 11001 11100 1

10110 1

10100 1010:.

Figure4: Crossinghe boundarie®f the parentboxes.

Right

c = 1 + 2*BIT(particle_ key, 0) (29)
Left

c = -3 + 2*BIT(particle_ key, 0) (30)

We mustcombineEqs.(29)(30}o getageneraform for themaovementin thex direction.This combina-
tion givesusthenext equation:

ci) =i sign@){1 + 2[ w() + sign(i)BIT(parti cl e _key, 0)] } (31

where
i =-1,01 and w()=(1-)/2

Whenwe usei=1 we endup in Eqg.(29)thatis valid for movesto theright. Whenwe usei=-1 we endup
in Eq. (30) thatis valid for movesto theleft. Thevaluei=0 doesnot move the particlein thex direction.
Extendingthis agumentto they directionwe endup with a quite similar equatiorto Eq.(31).

c) =2 || sign({1 + 2[ w() + sign(j)BIT(part icle _key,1) } (32

where
j =-101 and w()=(1-)/2

Theonly differencebetweerEqgs.(31)and(32) is thatwe checkthe 2ndbit andthatwe multiply by two.
But whathappensvhenwe have to crossboundarie®f grand-parenboxesandsoon?Clearlywe must
generalisgheintroducedeqgs.(31)(32)for ary givenlevel of re nement.

Crossingthe boundariesof the grand-paentboxes-Gened formulation

We canseein Figure5 the problemarisingwhencrossingthe boundarie®f a grand-parenbox. We see
thatto crossboundarie®ntheright onehasto addeleven(+11) andontheleft onehassubstracteleven
(-11). Theseincrementsaredoubledfor they direction. Thusmoving to theright is now expressedy:

c =1+ 2x nsp + 8 x nsgp (33)
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Figure5: Crossinghe boundarie®f the grandparentboxes.

andmoving to theleft is:

c=-1 - 2Xxnsp - 8 x nsgp (34)
wherensgpsigni es thatwe have crossed grand-parenbounding.
Werecallthat:

(
sp= BIT(K;0) (right) (35)
1 BIT(K;0) (left)

andonecanshaw by inspectiorthat:

BIT(K;2) BIT(K; igh
nsgp=  BT(K:D) BIT(K:0) (right) .
(2 BIT(K;2)) (1 BIT(K;0Q)) (left)
We mustensurehroughEgs.(36thatthe box we areexaminingis placedontheboundarie®f thegrand
parentbox. Thealgebrainvolved with replacingin Egs.(33),(34}he Egs.(35),(36)s simpleandwe end
up to thefollowing for thex dimension.

G = jijsifl+ 2wj +s; BIT(K;0)] [1+ 4(w; +s; BIT(K;2)]g (37)
Thesameogic leadsusto the equatiorfor they dimension:
G = 2jjsjfl+ 2Mw; + 55 BIT(K;1)] [1+ 4(w; +s55 BIT(K;3))lg (38)

The similaritiesanddifferencesare obvious andsimple.We cancontinuethe procedurevhenwe cross
greatgrandparenboxesandbuild nev equationdor ary given higherlevel. Thoseequationswill con-
tain the alreadymentionedcharacteristic$or the lower levels but canalsogive usthe numbersneeded
crossinghehighestboundarieatthere nementlevel we are.Thegeneraformulafor ary givenlevel is
nally thefollowing:

2 3
nev-1 Y
G = jijsi4l+ 22 1 [wi+s BIT(Ke;2 2)° (39)
=1 =1
2 3
_1 Y
g = 2jjs; 41+ 22 1 [wj+s BIT(Ke;2 1)° (40)
=1 =1



Implementation
Codingthealgorithm

We have usedFortran-90programminganguageo codethe algorithmof the neighboursearchingn 2
dimensionsThe codehastwo inputs:the numberof particlesandthe searchradius.Thelengthof the 2
dimensionakimulationbox is x edasis x edthe maximumnumberof particles.The maximumlevel
of re nementwe reachis de ned by the searchradiusinsidethe code.We give randomcoordinatego
the particlesandwe constructthe particleskeys for the maximumre nementlevel aswe have already
explained.Thatmeanghatevery particlehasakey whichis pointingto aboxinsidetheroot. We perform
asimplesortingof the particlesinsideevery box justbeforethe neighbourisearchingtarts After thatwe
arereadyto startthe searchingWe pick oneparticlefor which we know its particlekey. Thereforewe
know insidewhich boxit is sitting. Next, we applythebit operationsve have justintroducedand nd all
theneighbouringooxes.We cannow checkwhich of the particlesthatarecontainedn the neighbouring
boxes areinside the searchradiusof the given particle. The core part of the algorithmis givenin the
Appendix.

Timescaling

Is it working properly?This is the rst questionthat arises.We mustcheckif the algorithmis nding
the correctneighboursor producingmistales. The checkson several particlesfor differentradi proves
thatit doesindeed nd the neighbourscorrectly We shav  ve examplesof this belov. Figure6 hasa
2 dimensionakimulationbox which contains1000 particlesrepresenteés dots. The crossrepresents
arandomlychoserparticle.In gures 7 and8 we canseethe neighbourf this particlein a radius5,
10, 15 and20 per centof the simulationbox lengthrespectiely. Theseneighbourshave beenidenti ed
correctlyby ouralgorithm.

The next questionthat arisesconcernghe time scalingof the algorithm. We have measuredhe time
neededor our methodandthetime neededor thenaive methodoopingoverall particleg for aspeci ¢
particlei. We have madetime measurement®r the alreadygiven radiusandfor a numberof particles
thatvary from 1000up to 8000.We canseethroughthe gures 9 and 10 thatthe time neededor the
naive methoddoesnotdependnthesearchradius,asexpectedandshavs atime scalingproportionakto
N 2. Our new algorithmon the otherhandhasa strongdependencon the searciradius.For shortradius
comparedo the simulationbox lengthit is muchfasterthanthe classicalsearchandit is proportional
to N. As we grow the searchradiusour methodis slowing down andlosesits lineardependencto the
numberof particlesdueto theincreasen boxsize.

Conclusions

We have investigateda new algorithmfor thefastnearneighboursearchin MD simulationusingatree
datastructure.The algorithmhassatisfyingtime scalingfor shortsearchradius.Furtheroptimisation
is necessaryn orderto speedup the neighboursearchingn longerdistancesThis could be possible
throughfurtherre nementof the boxesinsidethe searchradiusandthusautomaticallycapturinga large
proportionof particlesthatlie by de nition insidethe givenradius.In that casewe just needto search
througha numberof boxesthat containa small amountof particlesandlie on the edgesof the circle
de ned by our radius.We canalso nd away to replacesometime consumingintrinsic functionswe
have appliedin the detailedsearchalgorithminside every box. During this projectwe have found the
generalisationo the Egs.(39),(40thatshouldbe appliedin a 3 dimensionakimulationbox andmake

the algorithmvalid for 3 dimensionalneighboursearchingthis will be testedin future work. Finally,

we notethata detailedtime comparisorbetweerour algorithmandthe cell index methodhasstill to be
performed.
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Appendix
Fortran-90form

do z=1,npart
p=0
do i=-1,1
do j=-1,1
c(i)=0
d(j)=0
do lam=1,nlev-1
proti=1
protj=1
do g=1,lam
proti=proti*(( X-i ) 2+sign(@,i )i bits (pkey(z), 2¥g-2, 1))
protj=protj*(( Q- ) 2+sign(l,j )i bits (pkey(z), 2*g-1, 1))
end do
ci)y= c@) + (2**(2*lam-1))* pr ot i
dg)= d@g + (@2**(2*lam-1))* pr ot |

end do

c(i)=abs(i)*si gn(1,i) *(c(i)+ 1)
d(j)=abs(j)*si gn( 2, j) *(d(j)+ 1)
K(i,))=pkey(z) +c( i) +d( )

p_key = K(i,)

do w=1,nei(p_key)
di=sqrt(((x(bo x_li st (p_key, w))- x(z )) ** 2) +((y( box_Ili st (p_key, w))- y(z)) ** 2))
if  ((di.LE.radius) AND.(di. GT.0)) then
p=p+1
list_neigh(z,p )
else
p=p+1
list_neigh(z,p )
end if
end do
end do
end do
end do

box_list(p_key,w )

1
o
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TheEstimationof Chaige Extensionsn the Continuoudast
Multipole Method(CFMM)

Ivo Kabadshw

ChemnitzUniversityof Technology

E-mail: ivo.kabadshe@e-technik.tu-chemnitz.de

Abstract: The FastMultipole Methodis adwvantageousif onewantsto examinelarge num-
bersof particlesbecaus®f its O(N ) scaling.However, generalizinghis methodto continuous
chages, correspondinglycalled ContinuousFast Multipole method,leadsto newv problems.
Especiallythe treatmentof the arising non-zeroextentsmustbe studiedcarefully For s-type
distributions one can calculatethe extent analytically However, suchan analytical solution
doesnot exist for higherangularmomentaFor thatreasoronehasto estimatean upperbound
for theseextentsthatre ects the real extent very well sinceit affectsthe performanceof the
ContinuoudrastMultipole Method.

In computationaphysicsoneoftendealswith largeensemblesf particlesandtheir pairwiseinteractions.
This is known asa N -body problem.Especiallyin presentmoleculardynamiccalculationsone hasto
evaluatethe pairwiseinteractionsknonvn asCoulombinteraction.

X1 X .
Ec = 39 (1)

r..
i=1 j=i+1 !

This equatiorsumsup the Coulombenegy for N particleswith center; andchageq . However, for a
large ensembleseveral problemsarisefrom this equation Becausenehadto take every interactioninto
accounthe computationatostscalesO (N 2). For millions or evenbillions of particlesthe directcalcu-
lation of this potentialis not reasonabldecausef large computationatimes. Also, it is not a helpful
approximatiorto introducea cut-of to the systemandneglecttheinteractionbetweerparticlesfarfrom
eachother becausdhe coulombpotentialis a long-rangepotential. To overcomethe O(N 2) scaling
anotherapproactshouldbe used.One methodis the FastMultipole Methodintroducedby Greengard
[1]. The basicconceptis to group distantparticlesandtreatthemlike a single chage. If we usethis
approachyve canachiere O(N ) scaling.

Fundamentals

Considertwo chageslocatedat positionsr, = (ro; ; ) andri = (r1; ; ). Theinversedistance
betweernthesetwo chagescanalsobe written asan expansionof the associated.egendrepolynomials
Pim undertheconditionr, < r1. Thebottomlineis thatl=jr; r,j factorizes.

1
jri ro

|
r
Pi(co ))&  ra<r 2)
1=0 r1
1 XX jmj r

e Ty (e DPm(eos Dexe m( ) (@

1I=0 m=
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Figure 1: left: directinteraction;eachline labelsan interactionbetweentwo particles,sincewe have
(e.g.)15 particlesthereoccurl05interactionsright: scaled=MM box, all light-gray boxescaninteract
via multipoleswith thewhite box.

Thereavith onecande ne momentf a multipole expansiorandcoefcients of a TaylorexpansionThis
implicitly de nesO,,, andM |, aswell.

— — | 1 im
im = 60im = @& [ Pim(Cog D)e ©)

1 . -
im = OMim = G (I Jm))Pim (cog( )er (5)
Usingthelastthreeequation®necanwrite theinversedistanceas:

1 X X

PE— ! 6
ir 2] Im Im ( )

=0 m= |

Thein nite sumin Eq.[6] canbeapproximatedo ary givenprecisionby a nite sum.

FMM TranslationOpemtors

The FMM needghreeoperatord A; B ; C) to performtransformation®n the multipole and Taylor ex-
pansionslif we wantto shift a multipole expansionlocatedat point a to pointa + b we useoperator
A.

Xt X |
im(a+ b) = AR (b)! jk(a) (7)
j=0 k= |
OperatorA is de ned as:
Ajlrl?(b) = O ixm k(b) (8)

The B operatoris usedto transforma multipole expansioncenteredat the origin into a local Taylor
expansiomboutanothercenterwith shiftb

R X
m(@ b)= Bjk(b)'™! k() 9)
=0 k= j
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Figure2: 2D FMM, every parentboxdividesinto 4 child boxes,level 4 contains256 child boxes.

OperatoB is de ned as:
BI% (0) = Mj+ 1+ m(D) (10)

Thethird operatotis requiredfor translatinga Taylor expansionata pointr aboutthe origin to a Taylor
expansiomaboutpointa

X X
m(r @) = Cik(@ jk(r) (11)
j=0 k= |
OperatorC is de nedas: .
CiR(a) = Aln(a) = O 1x m(a) (12)

The FastMultipole Method

Building upthe FMM tree- initial step

Every particleis representedby its chage g andits coordinatesx;;y;; zj. First we have to scalethe
particlecoordinatego t into a box with coordinaterange[0::1; 0::1; 0::1]. This parentbox is divided
into asetof 8 equalchild boxes.Eachchild boxis subdvidedrecursvely to build up thetree. Thedepth
of thetree,respecirely the numberof divisions,is choserto keepthe numberof particlesin thelowest
level box approximatelyindependenfrom thetotal numberof particlesin thesimulationbox. A depthd
leadsto 87 child boxes.

Geneating and Translatingmultipoles- Passl

Having sortedall particle coordinatesnto the lowestlevel child boxes one can build up a multipole
expansionin eachlowestlevel box aboutits center Now we canshift the multipole expansionof each
lowestlevel boxto thecenterof theassociategarentooxusingoperatoA. Thesdranslateanomentsare
summedandstoredin the parentbox. The procedurés continueduntil we reachlevel 3. This down-top
shifting makesall childrenmultipole expansionsavailablein their parentboxes.

CorvertingMultipole Expansionsnto Taylor Coefcients - Pass2

The generatedbox structureis usedto determinewhetherparticles(or boxes)caninteractvia multipole
expansionsor not. Interactionis only possibleif the consideredboxes are "well separated"Thusall
particlesin the rst box mustbe well separatedrom all particlesin the secondbox. The mostdistant
particlein a box canbe positionsdin one of eight box corners.Thereforeone hasto drav a sphere
aroundthebox centerwith radius 3d. SuchasFig. [3] shavs 2d is de ned astheboxlength.Sincethe
sphereoverlapswith neighboringooxes,only interactiorbetweerparticlesn boxeswhicharenotnearest

17
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Bl

Figure 3: The sketch shavs the minimal distancefor two interactingboxes. The shadedbox is well-
separatedrom the box B4, thusws = 1. Thele Eh of eachbox is chosento 2d. The mostdistant
chagesin thecornersof box B ; have adistanceof = 3d to thecenter

neighborsare allowed. Now we can corvert the distantmultipole expansionsinto Taylor expansions
aboutthe centerof box B 1. Theravith we createa local expansionrepresentingll distantboxes. To
achieve linear scaling,we only transformmultipole expansiondrom boxesat the samelevel which are
well separatedrom B, but are not well separatedrom B ;'s parentbox. The remainingchild boxes
interactvia their parentboxes.To take the ngglectedinformationinto accountwe needthethird operator
C.

Local Taylor Expansion®f Full Far-Field Potential- Pass3

Thethird partis responsibldor the transferof neglectedinformationfrom a parentbox to a child box.
It translateshe parents Taylor expansionto the centerof all parents children.This top-davn shiftingis
repeatedintil we have reachedhelowestlevel boxesof the FMM tree.Now all boxescontainthe Taylor
expansiorfrom all "well-separatedboxes.Pass3 is thecorverseof passl, wherewe shift themultipole
expansionsup thetree.

Particle Far-Field Interaction- Pass4

This passcalculateghefar eld potential.Eachlowestlevel box cont@insa Taylor expansiornrepresen-
ting all "well-separated’particles.By summingup the box enegies ;! im 1m We getthefar eld
enegy.

Particle NearField Interaction- Pass5

Theremainingnear eld interactionof particlesnot"well separatedis donein the fth passAll remain-
ing neighboringparticleswhich did not contritute their chage to the currentbox interactdirectly. Now
all interactionhadbeencarriedout andthetotal potentialcanbe calculatedoy summingup the far and
near eld parts.

Parametersf the FMM arethelengthof the multipole expansionthe "well-separatedindex ws andthe
depthof the FMM tree.
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GaussianBasisSets

So far we canonly treat point chages.But ab-initio calculationson Hartree-Bck or DFT level deal
with chage distributionsinsteadof point chages.Within the next sectionwe wantto clarify the useof
Gaussiarbasissets.Historically, the ab-initio calculationsfor moleculeswere performedwith LCAO,
i.e. LinearCombinationof Atomic Orbitals.Thus,molecularorbitalsareformedasalinearcombination
of atomicorbitals:

X

i= G (13)

i=1
where ; isthej -th molecularorbital,c; arethecoefcients of linearcombinations, ; is thei-th atomic
orbital,andn is thenumberof atomicorbitals.SolvingtheHartree-lBck equation®neobtainsMolecular
Orbitals (MO), describingthe wavefunctionfor a single electron.Someimplementationsuse Slater
Type Orbitals (STO's) due to their similarity to atomic orbitals of the hydrogenatom. With spherical
coordinate®necandescribehemasfollows:

i hmir; )=Nr" e TYin( ;) (14)

whereN is normalizationconstant, is the Slaterexponent,r; ; aresphericalcoordinatesandY)n
is the angularmomenturmpartandis describedy sphericaharmonicsThevaluesn,m andl represent
the principal,angulamomentumandmagneticquanturmnumbersUnfortunately functionsof this kind
arenot suitablefor calculationsof two-electronintegrals neededoy the CFMM. For this reasonGaus-
sian Type Orbitalsare used.By summingup a certainnumberof GTO's with differentexponentsand
coefcients onecanreproducehe shapeof the original STO, however with amucheasiethandlingwith
respecto integration.Evenwith ten contractedsaussianshe two electronintegral canbe solved faster
thanby the original method(Fig. [4]). The Gaussianype orbitals(GTO's) canbewritten as:

Gimn(x;y;2) = Ne " “x'ymz" (15)
whereN is anormalizationconstant, is called"Gaussiarexponent”.The x,y,z are Cartesiarcoordi-
nates.Notice thatin this formula,l, m andn are not quantumnumbersbut integral exponents.These
basisfunctionsor primitivescanapproximates, p, d, f orbitals.PossibleCartesianGaussiarfunctions
areshovn in Fig. [4]

The sum of the exponentsat Cartesiancoordinateql + m + n) is usedto mark functionsas s-type
I+ m+ n=0),p-type(l+ m+ n=1),d-type(l + m+ n= 2),etc.

The GaussianProduct Theorem

The GaussiarProductTheoremshaws that a productof two arbitrary angularmomentumGaussian
functionscanbe written asa Gaussiarfunctionagain:

G1G2 = Gi( 1;A;l1;m1;n1)G2( 2;B;12;mz;ng)
= exp 1 2(AB)*=

I)(rlz #
fi(l1;12;PAx; PBx)xbe %5

2 1=0 3

mkaz

4 fj(m1;mp;PAy;PBy)ybe %5

W 170

I"I)Q‘I"Iz #
f(n1;na;PA,;PB)zbe % (16)

k=0
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s = Ne "’
px = Ne r 2%
B, = Ne "’y
p, = Ne "’z
de = Ne ' ’x2
dyy = Ne r2xy
d, = Ne "’xz
dy = Ne "°y?
dy = Ne r2yz ;
d, = Ne "’z >

Figure4: left: possibleCartesiarGaussiarfunctions,right: a SlaterType orbital (STO) is approximated
by severalGaussiamrbitalsformingacontractionSTO-1GcontainsasinglegaussianSTO-3Gcontains
3 gaussiansgtc.

Thechagedistribution ; », aproductof two gaussiarbasisfunctionscanbe expressedn cartesiaror
sphericakoordinates:

12 = NgNpxttlzymitmeznitnze (at 2)r? (17)
12 = NgNprltrmutnitlatmetnzgideme yood( ood( )sin™( Je ( 1+ 2% (18)

If we ngglectall angulardependenpartstheproduct 1 » simpli es to
12= N plermarnatlarmernzgyy ()4 )2 (19)

with anormalizationconstantdN 1, N is

N _ Q 3=4 ) (2p —l)|1+ mi+ng
! "2, Di2m; Di@2n, DN
2, 3=4 (zp—z)lz+m2+n2

N2= —_—

p(2|2 DICm, 1)N@2n, 1)

The Continuous Fast Multipole Method (CFMM)
DifferencesbetweerrMM and CFMM

Theclassicalpointchage FMM systematicallyorganizesmultipole representationsf local chage dis-
tributions,sothateachparticleinteractswith local expansion®f the potentialdueto all distantparticles.
To groupparticlesthey areplacedin a box whichis repeatedlysubdvided to createlocal collectionsof
point chages.Local anddistantdistributionsaredistinguishedy the globalwell-separatedhdex (ws),
de ned asthe numberof boxeswhich mustseparatéwo collectionsof chagesbeforethey maybe con-
sidereddistant,andcaninteractthroughmultipoleexpansionsHowever, this methodfails for continuous
distributions,becausea singledistribution cancover the wholebox.

CFMM is a generalizatiorof the FastMultipole Method, which allows oneto calculatethe Coulomb
interactionsof a collectionof nite extentdistributionsrepresenteddy continuousunctionsscalinglin-
earlywith systemsize.A linearscalingmethodbasednthe FMM approachrapidly handleghe distant
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distributionsby collectingchage distributionsandexpandingtheminto multipoles. Theremaininglocal
contributionsmustbe evaluatedexplicitly, but theirnumberis only linear, scalingasO(N M ) whereM
is aneffective numberof neighboringchagesThe CFMM takesaccounbf the extentof distributionsby
assigninga "well-separatedindex valueto eachdistribution basednthefollowing equation:

Wscemm = MaX2[r ext=1]; Wsref) (20)

wherel is the lengthof a box, andwss is the ws value chosenfor point chages. Thusthe ws index
and hencethe numberof interactingneighborboxes is determinedby the extent of the distrikution.
Distributions covering the entire box, cannotinteractvia multipolesand have to be computeddirectly.
In comparisorto the FMM, wherewe have to sumup over all particlesin a box to gainthe multipole
moment,CFMM requiresintegrationover chage distributions.

X Pim(sin( );co )

FMM: 'Im = (cogm j) i sin(m ;)) (21)

z‘ : (I + m)!

zZ Z o

CFMM: 'im = 01 . 02 i jr|P|m(s(||nJ(r L,])C!OS( ) (22)
(cogm j) i sin(m j))r3sin( )dd dr (23)

Therestrictionto pointchagesmeanghe FMM is notimmediatelyapplicableto problemsn which the
chage distributions have signi cant extent. But within a given errorboundit is possibleto treatchage
distributionsaspoint chages.

Computingthetwo-Electon Integral

A chagedistribution is composedf two Gaussiarbasisfunctions.For s-typebasisfunctions(l + m +
n = Imn = 0) onecansolve thetwo electronintegral analytically For a givens-typeGaussian

s= — e’ (24)

theintegral with four s-typefunctions(two distributions)canbewritten as:

2, % 2,3 2,4 2, 3%7

e r%e jro Rj?
€ € " dridr,  (25)

h s1 szj s3 sal = -
Jra ro

in which 1 and , aretheGaussiarexponentf the rst chagedistribution, 3 and 4 theexponents
of theseconcchagedistribution, isthesumof 1 and ,,and thesumof zand 4.Risde nedas
thedistancebetweerthesetwo distrikbutions.

q__
_ - erf  —R
hs1 s s3 sl = — R (26)
erf(x) is theerrorfunctionandde ned as:
z
2 X 2
erf(x) = p—= e Vdt (27)

1

For large R, increasingseparatiomrespeciiely, the two chage distributions canbe treatedas classical

pointchages.Thusve cande ne anerror:

q__
v

R

erf R

(;;R)= (28)

Pl =
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Figure5: Gaussiarchage distribution: a) two distributions having non-zeroextents,every distribution
contributesto R, b) onechagedistribution andonepointchage, only thechagedistribution contritutes
toR

Usingtherelationerfg(x) = 1 erf(x) we canwrite:
q___
erfc —R

T

(i iR)= ——g—— (29)
By de ning one of thesechage distribution asa point chage, the two-electronintegral Eq. [25] can
be usedto calculatethe extent of the remainingchage distribution. Thereforetwo of four Gaussian
exponentsarechoserin nite. Treatingfor examplethe secondlistribution asa pointchagewith 3!
1, 4! 1 Eq.[30]givesustheextentof the rst chagedistribution.

p_
f R
_ erfc (30)

For higherangularmomentadistributions the two electronintegral cannotbe solved analytically For
this reasorwe have to estimatean upperlimit for the extent of thesedistributions. Sincewe cansolve
the two electronintegral analyticallyfor s-typechage distributions, it would be helpful to usetheses-
typedistributionsto estimatethe extentfor higherangulammomentgunctions.As a rst stepwe triedto
approximatehe basisfunctionsby s-typebasisfunctions.A givenarbitrarybasisfunction

2 3 (2ID TylFmen L2

— < B rI+m+ne (31)
@ 1I@2Zm Di@n 1N

is estimateddy a s-typebasisfunction

e ' (32)

Satisfyingthefollowing conditionswe nd a optimals-typebasisfunctionfor a givenarbitrarytype of
basisfunctionwith theproperty s >

= s (33)
d _ ds
dr ~ dr (34)
d2
gz = O (35)



Theseequationsanbe solved analyticallyandonegets:
(IO 8(Imn) + 1+ 1)
2(Imn) + ' 8(Imn) + 1

c = 2(lmn) + 1+ 8(Imn) + 1)e =2(mn) -

Poimyiss 0P
T T T
e @ DiEm  DiEn DI

(36)

where(Imn) is the shortenedsyntaxfor | + m + n We cannow estimatethe extent of higherangular
momentabasisfunctions.

[+ m+n c
1 1 0.666666 2.013709
2 1 1.333333 2.013709
3 1 1.999999 2.013709
1 2 0.561553 2.987065
2 2 1.123105 2.987065
3 2 1.684658 2.987065

Tablel: calculatecharameters andcforagiven andimn,asmall denoteslargeR andviceversa.

Sincewe aretreatingchage distributionsandnot only basisfunctions,theresulting is not necessarily
thebestsolution.Thus,it would be betterto estimateheextentof aproductof basisfunctions,compared
to only onebasisfunction. This idealeadsus to the following equationfor arbitraryangularmomenta
distributions:

1 2= NlNZr(Imn)1+( Imn)ge ( 1+ 2)[’2 (38)

Our s-typechage distribution now lookslike:

3=4 3=4
21 22 7 ] 1+ o7

s 2s = C (39)
Theconditionslook similar to the basisfunctionestimate.
12 = sl s2 (40)
d( 1 2) d( s1 s2)
= 41
dr dr (41)
dR
— =0 42
7. (42)
dR
— = 0 43
T, (43)
At this pointwe wantto emphasiz¢hat 1 and » musthave thesamevalueto obtaintheminimalR. So
we cansimplify alittle andset 1 = , = . The nal equationcanbewrittenas:
P 3=2 n=2
erfo 2 R 1 2 2e _ -
et 2RON L 270 22 usep y ) o2 (44)

R() N n

whereR is the extent of the chage distribution, N the normalizationconstantand the given error
bound.Unfortunatelythere exists no analyticalsolutionfor R and , soonehasto nd the solution
numerically To simplify the expressiorwe canwrite:

p__
M =g( ) (45)
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R implicitly depend®n . However, usingtheconditions{®- = 0 and{R = 0leadsto

Vv
U o
b In
P ﬁfg_q)
R= ———— (46)

UnfortunatelytheattainedR () dependencis notreally helpful. If oneputsthis equationinto the nal
equatior(44] to eliminatetheR dependeng onehasto dealwith alot of discontinuityproblemsnstead,
especiallyfor higherangularmomenta.Sereral attemptsto solve the resultingequationwith a simple
newton algorithmfailed becaus®f thesediscontinuitiesFor thatreasorwe choseanotherapproach.

Anotherapproach for further deceasingR
Consideringeq. [45] again: 0
erfoC 2 R
% =g() (47)

We canimplicitly plottheR = R( ) dependengc(Fig.[7]). Fromthis equationwe canalsoderive the
limits 1; > in-betweertheminimal R canbefound:

- 3 1+

lowerlimit: 1 = > r11+ 32 (48)
. 1

upperimit: iz = S( 1+ 2) i1< < 2 (49)

Performinga binary searchonthegivenintenal [ 1; 2], wecan nd a andacorrespondingninimal
R within a given precision.However, binary searchconvergestoo slowly. Treatingmillions or billions
of distributionspossiblyslons down theentirecalculation sincewe have to calculateanextentfor every
chage distribution.To improve the performancehe binary searchs replacedoy a Fibonaccisearchthat
scalesonly O(log(n)).

24



A A
f() R
0 O
: o § ; o
discontinuity | : o 3
range ; : :
| — | —f—
0 0 0 1 1 0
1 2 1 1 2 2

Figure7: left.usingconditiondR=d = 0 our functionf dependn only, however discontinuities
occur right: implicit plot R( ). Betweenthe consideredimits this functionis unimodal,andthusthe
minimumdR=d = 0 canbedeterminedy aFibonaccisearch.

FibonacciLine Seach

The FibonacciLine Searchalgorithmallows to nd a maximumof a unimodalfunctionf (x) over a
givenintenal [ i1; i2]. A userde ned precisionallowsto limit thetotal numberof iterations.This limit
is de ned as:

Fn>(i2 i1)=eps (50)

whereF, is the n-th Fibonaccinumberand i;, i» the givensearchintenal. The Fibonaccinumbers
arede nedin thefollowing manner:

Fo = 0
Fl = 1
Fn - Fn l+ Fn 2 fOI‘ n 2

The searchconceptinvolves placingtwo testpointsin-betweenthe intenal limits [ j1; 2] usingthe
ratio of FibonaccinumbersThetestpointsarepositionedat:

Fn 2

b= o+ Ir:]n (% D (51)
Fn 1

Ho= o+ ;n (% o (52)

Now thefunctionis evaluatedatthesetwo new points.Sincewe wantto minimizeour function,we keep
thesmallerfunctionalvalueandthe oppositeintenal-limit. After all requiredterationshave beenpassed
through,a nal intenal is theanswerTheproceduras alsoillustratedon Fig. [6].

DeterminingR by a Newtonalgorithm.

To choosahenew intenal limits we needthefunctionalvaluesR( ;) andR( [}). Thesearedetermined
by a Newton algorithm.

f(R) = mup?h)g(m (53)
_ f (Rn)
Rn+1 = Rn f ({Rn) (54)
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Theinitial valuefor thisiteratve Newton algorithmis Rg = 0.

Comparisorof thedeterminedxtents

Obviously the secondalgorithm nds a lower upperlimit for the extent of higherangularmomenta
distributions. Especiallyfor large distributions with small  the latter methodallows minimizing the
costsfor a directinteractionof thesechage distributions.(Tah [2])

I+ m+n 1stalgorithm R 1stalgorithm 2ndalgorithm R, 2ndalgorithm
1 1 0.666666 0.608559 0.821384 0.570837
2 1 1.333333 0.260212 1.579524 0.247564
3 1 1.999999 0.144235 2.327489 0.138089
1 2 0.561553 0.649036 0.696932 0.618961
2 2 1.123105 0.221573 1.279649 0.216687
3 2 1.684658 0.100091 1.859443 0.098656

Table2: obtainedextentsfrom approximatedasisfunctionsandapproximatea¢hage distributions. The
estimatedipperboundcanbereducedoy usingthe secondalgorithm.

Conclusions

We have introducedan algorithmto performextent estimationsof high angularmomentachage dis-
tributions. It wasshawvn thatthe upperboundfor thesedistribution extentscanbe reducedpreferinga
combinedFibonacci-Neiton algorithmon the chage distribution insteadof usinga Newton algorithm
onasinglebasisfunction.
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Abstract:

1251 transformsto highly excited *?>Te via electroncapture[1], leaving core shell vacancieghat
resultin massie Auger emissionMolecularsystemsncorporating'?®1 will, following the *?°| decay
fragmentinto molecularand atomic positive ions with individual chagesof up to +18 [2], a process
commonlyreferredto as "Coulomb explosion”. Auger emittersare highly radiotoxic, and have been
subjecto radiomedicatesearctior decade$3]. Whereasheinvestigatiorof theeffectsAugerprocesses
on biological systemsouldimprove the understandingf basicaspectof radiotoxicityin general }2°1
Augerelectronemissionmay play a pioneeringole in therapeuticahpplicationssuchastumorspeci®c
radionuclidedeposition.

However, thereis still muchuncertaintyin the molecularandcellularmechanisméollowing Auger
processedn vivo. In this work, the responsef a ’’ Br-substitutedL0 basepair DNA sequencen ex-
cessve ionizationwas investigatedy quantumchemicalmethodson a DFT level of theory Hereand
in further systems’” Br waschoserasthe Auger emitterinsteadof 12°1, to overcomecertainproblems
asdiscussedbelaw. In a ®rst approachthe Coulombexplosionof CH;1%°1, C,H5%°1, andn-CzH,12°I,
was studiedsystematicallyto drawv connectiondetweenelectronicstructuresand obsened fragmen-
tation patterns.This wasdoneby consideringthe Auger electronemissionas being ®nished,and cal-
culatingthe nuclearrelaxationfor the electronicgroundstateof the molecularions. More calculations
were carriedout on the Coulombexplosion of 1?*lodouracil, ”” Bromouridine-%monophosphateand
the ’” Bromouridine-%monophosphateAdencsine-%monophosphateucleotidepair.

Intr oduction

It wasnotuntil theearly1970swhenHoferetal. [4, 5], andFeindgenetal. [6, 7] con rmed chromatin
damageandthe impressie radiotoxiceffectsdueto 2% Auger electronemissionin mammaliancells
experimentally Several pathwaysto cell deathhave sofar beendiscussedincluding radiationandlow-

enegy electronbombardmentiueto the initial decay 12°Te recoil enegy andthe chemistryinvolved
with the transformatiorof *2°| to 1?>Te, and Coulombexplosionof moleculescovalently binding 12°I.

Theradiomedialaspectof Auger Processeappeaito be a surprisinglywide eld of researchDespite
that,the chainof causeandeffect, concerningAugerprocessem vivo, is far from beingrevealed.

The cell lethality patterndueto intracellular Auger emissionis comparablgo thatdueto  particle
exposurelt is con rmed thatthe effect of 12°I Auger emissionon cellular structurecritically depends
ontheintracellularlocationof thedecay *?°I locatedoutsideof thecell nucleusg.g.plasmamembrane-
boundvia 1%°|-labeledConcangalin A, is relatively non-toxic[8], requiring 20,000decaygpercell to
causes0%cell deathcomparedo 60 decaygercell for DNA incorporated-?°|UdR.



Consideringntranuclear?®l decay thereis evidencethatthereis no directcorrelationbetweernradia-

tion or particleemissionenegy depositionand nucleusdamagingFor example, 12°l-labeledoligonu-

cleotidesnot insertingin DNA, but beingaccumulatedn the nucleusby liposometransportationpnly

gave lethalitiescomparabldo extranuclearAuger processe$9d]. In contrastDNA damage whichis

closelyconnectedo cell death is mostly dueto decayeventsof direct DNA-bound Auger emitters,
causingSingle (SSBs)and Double StrandBreaks(DSBs)in DNA, and,more globally, mutationsand

chromosomeaberrations12°l-labeled oligonucleotidesncorporatedn DNA causedSSBsand DSBs

within arangeof 10 basepairsof the decaysite[10]. DNA triplex forming 12°I-labeledoligonucletides
yieldedsimilar results thoughlocatedat a seperat®NA strand[11].

Statingthat intranuclear*?®l decayalonewas responsibleor cell deathis furthermorechallengedoy
the ndings of several groupsthatchemicalradioprotectorasDimethylsulfoxide[12], Vitamin C [13],
andothers,canmitigatethe radiotoxiceffectsof Auger processesThoughthey exhibit similar lethality
patternsthisis nottruefor radiation[12]. So,evidenceariseshatDNA damagealueto Augerprocesses
may be mediatecby someavhatindirect effects[14], e.g.waterradicalsfrom DNA solvation shells,or
reactie organicfragmentsueto AugerprocessnducedCoulombexplosions.

UsingcalculatedAugerelectronemissiorspectrag.g.by Monte Carlomethodq15], severaltheoretical
modelshave beenappliedto investigateDNA [16] andnucleosom®NA superstructurfl 7] damagealue
to AugerprocessegOnavery qualitative level, theseandothertheoreticabpproached to experimental
obsenration, agreeinghatindirecteffectsto DNA damagedueto Auger processesannotbe ngylected,
if they arenotevenamajorpart.

Becauseof their striking radiotoxicity and,on the otherhand,their strongdependencen intracellular
location, several radiomedicalapplicationsof Auger emittersare recentlydiscussedreviewed e.g. by
Hofer [3]. For example,in radiodiagnosticspne alwayshasto nd areasonableompromisebetween
detectableadioactvity, accumulatedn a speci c tissuetypeto investigateandthe leastpossibleexpo-
sureof the systemto damagingradiationeffects,and Auger emitterscould be applicableto that eld.
Secondthe selectve transportof Auger emittersinto tumor cell nuclei, e.g. by tumor epitope-speci ¢
antibodiescould prove to deliver agreatdealto cancettheraly andothertypesof molecularsuigery

The aim of this work is to nd out if, andin which way bioorganic compoundswill fragmentdue
to the radioactve decayof the covalently bound Auger emitters*?°l and ’Br, and which fragments
will occur To achieve comparableresults,thesequestionswere approachedy calculationson the
simplealkyliodides CH3'?%1, C,H51%°I, andn-CzH72%1, becauseghe CoulombexplosionCH32°l and
C,Hs'?%1 wasinvestigatedexperimentallyby massspectrometrymethods[2, 18, 19]. Furthercalcula-
tionsfocussedhebioomganicsystems?’lodouracil(**°lUdR), ’’Bromouridine-8-monophosphatand
the “’Bromouridine-8-monophosphateAdenoshe-5%-monophosphateucleotidepair, becausef their
importanceo radiomedicatesearch.

Anotherintentwasto prove if DFT is anapplicabletechniqueto calculatehighly chaged systemdike
productsof Auger processebecausemost methodscan hardly describestateswhich are not in their
groundstates.The investigationwith DFT techniquehasof courseseveral limitations andthesewere
alsoto bedetectedy this work.

Theoretical Basics

Auger Process
The Auger processwas rst discoreredin 1925 by the french physicist Pierre Auger [20] when he

irradiatedsomeatomsby low-enegy x-raysandtherebyremoveda singleelectronfrom the coreregion
of theatom.After theinitial ionizationprocessthe systemwasleft in anhighly excitedelectronicstate,
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possiblywell abore theionizationlevels. It follows the fastelectronicrelaxationprocesgo thevarious
electronicgroundstatesassociatedavith a differentnumberof electronsescapingrom the system.The
Auger procesdakes placeon a time scaleof 10 * s t 10 # s[21], i.e. muchfasterthanthe
relaxationprocessof the moleculargeometrywhich appearson the timescaleof a molecularvibration
(10 2 s)[22].

Laterit wasprovedthatthis Augerionizationprocessouldbeinitiated by electroncaptureandensuing
nuclearcorversionof the nucleus Certainisotopessuchas'2°1, 7Br, known asAugeremitters sponta-
neouslyconvertinto positively chaged!?>Te and’’Se.Moleculesboundto Augeremittersturninto the
correspondingositively chagedmolecularsystemwith the Augeremitterreplacedoy its decayproduct
atthemoleculargeometryof theinitial compound.

DensityFunctionalTheory

DensityFunctionalTheory(DFT), which wasdevelopedby Thomag23], Fermi[24], andDirac[25] in
the 1920sand30s,becameapplicablefor routinequantumchemicalcalculationsn the early 1980swith
the developmentof continuouslymore accurateexchangefunctionals.Becauseof its moderatescaling
with molecularsize,comparedo HF, or more advancedapproachesuchas mary-body-perturbatin
theoryandcoupled-clustetechniquesPFT hasbecomea widely usedtool for molecularstructurecal-
culations.

In DFT, theelectrondensity (r), dependingon thelocationr, is choserto be the basisvariable,which
is formally justi ed by the proof of theHohenbey Kohntheoremg26]
X (P,
=" = PyR

R

i i(x)j3d interacting; 0 n; 1 o
i i(x)j%d non-interacting
whereN isthenumberof electronsandn; aretheoccupatiomumbergprobabilities)of thespinorbitals
i(x) = i(r; ). Theintegralis over the spinvariable to give spin-independerdensitieg ;(x)j% =

o(r).

Thetotal electronicenegy expressiorin termsof DFT, accordingto the Kohn Shammethod,is
E[ o]=T[ o]+ U[ o]+ V[ 0] = Fux[ o]+ V[ 1= T o]+ I[ o]+ Exc[ o]+ V[ o] (2)

Excl ol=T[ ol T ol+ U[ o]l J[ o 3)

Here,V[ o] istheelectron nucleipotentialfunctionalgivenby themoleculargeometryandE xc[ o] is
theexchangeenegy functionalexplainedbelon. TheuniversalHohenbey KohnfunctionalFpk [ o] =
T[ o] + U[ o] includessereral unknavn non-classicakontrilbutions to the kinetic enegy T[ o] and
electron electroninteractionU[ o]. However, this problemcanbe overcomeindirectly by the Kohn
Shammethod.

basicideais to setup an non-interactingN  electronreferencesystems as Hs = i T 2=2+

i\'7i5(r) thatgivesthe same(non-interactingproundstatedensity o(r) asthe (interacting)systemto
investigatajoes,where\’zs(r) is somegenerabffectiverotential.Becausdq s is non-interactingt? S can
beseparateih asumof N one-electrordamiltonians A = H, andthel eigenfunct'@ns)f Hs can
be expressesasa single Slaterdeterminant S(x1;x»;::xn) = (N1) 27 ( 1)"B, °, §(x). So,
onehasN one-electromproblemsinsteadof oneN electronproblem.

TheHohenbey Kohnfunctionalcanthenbehandledn termsof this non-interactingeferencesystem,
thatisFuk [ o]l = T o]+ J[ o]+ Excl o]+ VI o], whereT3[ o] is thenon-interactinginetic enegy
contrikution, andJ|[ o] the classicalCoulombrepulsion.The unknavn classicalcontritutions are col-
lectedin thesocalledexchangesnegy functionalE xc[ o], asgivenin (3). By theKohn Shammethod,
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one getsan indirect, but neverthelessexact descriptionof an interactingsystemby a non-interacting
modelsystemthatdoesnot exist physically but givesthe sameenegy anddensity

Onecanexpressthe enegy (2) in termsof asetof N spinorbitals,f ?(x)g, by (1). Then,minimizing
the enegy functionalE[ o] ! E[f $(x)g] with the N ? constraintsof spin orbital orthonormality
oneobtainsN one-electrorequation®f non-interactingype.Unitary transformingheorbitalsf  $(x)g
thengivesthecanonicaKohn Shamorbital equations

P =R )= r = W(r) P = 1 =2+ 5+ Exe(+ V() X)) @

Becausef thedependencef ﬁis onthef ?(x)g viathe Coulombrepulsionpotential,the KS equations
arenon-lineayandhave to besoledself-consistentlyHowever  theKS equationdhave thesameform
asthe canonicalHartree Fock equationsexceptthey considera moregeneralbut still local effective
potential/ (r)  XS(r). In contrasto this, HF theoryusesan essentiallynon-localexchangepotential,
andstill is by de nition approximateconsideringno electroncorrelationatall.

Exchange Functionals

As onecanseefrom the previous section theexchangefunctionalE xc[ o] provesto bethecrucialpart
of ary DFT calculation.Severalapproachehave beenmadeto moreandmoreaccurateexchangefunc-
tionals, including local spin densityapproach.SDA, generalizedyradientcorrectedapproachGGA,
andhybridemethodsmixing LSDA andGGA methodswith HF exchangecorrelation However, nding

new andbetterexchangeunctionalsstill remainsto bea challengingeld of research.

In this work, the GGA type BP86 functional, and the hybride type functional B3LYP were usedto

cover differentmethodsof exchangetreatmentBoth functionals E 2286 andEZ3-YP baseonthesame
ThomasLSDA approachE{2PA = f () andBeckesgradientcorrection EZR86 = f(; jr j), but

differ in theirtreatmenbf correlationenegy Ec.

BP86 _ LSDA B8s P86
Exc” = Exc +ax Ex™ +ackc

B3LYP _ —LSDA HF LSDA BSS LYP
Exc'™ = Exg " + ao(Ex Ex>")+ax Ex + acEg

wherejnboth, EZ% =f(;jr jJand EL™® = f(;jr j).Inpraxis,onemajordifferencebetween
BP86andB3LYP is thatRI-J andMARI-J approximationsanbe appliedto non-hybridfunctionals,
only.

Computational Methods

In generalall calculationsveresetup in the samebasicway. The 12°| incorporatingstructurego inves-
tigatefor possiblyoccuringCoulombexplosionswere optimizedto groundstategeometriesandelec-
tronic enegies.Thespecialisotopemassof 12°| wasignoredhere.Then,'?°l wasreplacedy *?°Te,and
the new groundstategeometriesandelectronicenegieswere calculatedio obtainthe systemdo start
with. Differentchagedstatesf thesesystemswverethenoptimized,to give eitherstill boundmolecular
structurespr separatdragmentsepellingeachother The natureof all fragmentsobtainedwasfurther
investigatedby applying wave function analysistechniquesgspeciallyMullik en populationanalysis,
andassortingchagesto fragmentsAll fragmentsverethentestedfor stability by separat®ptimization
isolatedfrom external elds.

All calculationswere carriedout within the TURBOMOLE V5-7 [27] program.Generally DFT was
chosento applybecausét givesresults consideringmoleculargeometriesand,qualitatively, relative
electronicenepgies accurateenoughfor the given problem,while scalinglessthanquadraticallywith
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the size of the molecularsystem(i.e. the numberof basisfunctions).Essentiallyno dynamicmethods
wereapplied becausef theexpectedossin computationaspeedandtheirirrelevang to thegiventask.

To approachthe morecomple bioomanicsystemsit rst hadto be ensuredhatDFT is aviable level
of theoryfor quantumchemicalinvestigationsof Coulombexplosionsin generaland,secondwhether
onecould drav ary connectiondetweencalculatedelectronicstructuresand obsered fragmentation
patterns.Therefore the Coulomb explosion fragmentationof the simple iodides CH312%I, C,H511,
and n-CzH7%% were investigatedby the methodsexplained above. To testthe resultsto obtain for
consisteny, differentexchangefunctionaltypes,BP86 and B3LYP, and differentbasissets,i.e. SVP
and1?>Te relatvistic effective core potentialecp-46-mwh[28], SVPall, TZVP/%°Te ecp-46-mwband
TZVPall were usedfor CH3'?Te. For C,H5'2°Te and n-C3H712°Te only SVPA?SI ecp-46-mwhb[29]
and SVPA25| ecp-46-mwb respectiely, were used,becauseanoleculargeometriesand fragmentation
patternswerefoundto bevery similar, if notidenticalfor larger basissets(seeresultssections)For all
calculationausingthe BP86functional,the RI-J optionwaschoserto give fastemperformance.

Because'?®| is insertedin DNA via 1?°|UdR, the systemsof radiomedicalrelevanceto investigate
were chosento be 12%lodouracil, ’’Bromouridine-8-monophosphategnd the isolated*?°lodouridine-
5%monophosphateAdenosire-5%-monophosphataucleotidepair. Further a 10 basepair sequencef

alternatingAdenineand Thymine,with one Thymineunit replacedoy ’’Bromouracil,was alsopossi-
ble to investigate All calculationson the bioomanic systemswere carriedout usingthe RI-J option.

Additionally, thefastmultipole methodoption MARI-J wasappliedto the calculationof DNA.

Severaltechnicalproblemswere encounteredvheninvestigatingthe bioomganic systemskFirst, all cal-

culationson systemscombiningthe heary elementst?®l and 1?°Te, and phosphorousacid mono- or

diestergroupsdid only converge slowly. Standardgyeometryoptimizationtechniquesdid not give ary

stableiodides,in contrastto numerousexperimentalexperience.This was obsered for several non-

hybride functionals,but not for HF calculations.Although the reasonsemainunknavn, DFT using
non-hybridefunctionalsappearso be not applicableto systemsof thatkind. To overcomethis, 12°1 and
125Te were replacedby their lighter homologous’’Br and ’’Se, respeciiely, since’’Br is an Auger
emitter too, andthesesystemsseemnot to be affectedby the problemdiscussedibore. Furthermore,
"'Br and’’Sequalitatively exhibit a very similar chemicalbehaior, andwerethereforeusedfor thein-

vestigationsn the “’Bromouridine-8-monophosphaté?°lodouridine-8monophosphateAdenosire-

5%monophosphateucleotidepair, andDNA systeminsteadof 12°1 and?°Te.

Second,it appearedo be impossibleto carry out ary calculationon the 10 basepairs DNA double
strandin its proposedorm. Thisis dueto the nggative chagelocatedon every phosphorousacid diester
group, which would repelthe two single strandsso strongly that they could not remainconnectecdy
hydrogerbonds Physiologicallythesenegative chageswould becompensatelly largerhistoneprotein
compleesrich in basic andthereforepositively chaged aminoacidsasLysineandArginine, to
which DNA bindsforming the nucleosoméNA superstructureExplicitly treatingsolvation effectsor
counterchayesseemsgo be impossible For placing counterionsaroundthe DNA sequenc@newould
needa reasonablgeometryto startwith, which doesnot exist, and geometryoptimizationwould not
succeedecausef the general e xibility of the investigatedsystem.Conductotlike screeningnodels
like COSMOcannot be appliedsimply becausef the sizeof the systemjncreasinghe computational
costby someordersof magnitudeandwould notcompensatehagein ary way. Thus,eachphosphorous
aciddiestergroupwassaturatedvith oneprotonto achiese neutrality Thisis supposedo have theleast
impacton computationabpeedandmoleculargeometryandseemgo be without ary optionwithin the
DFT methodapplied. To compareresults,the sametreatmentwas appliedto the 12°lodouridine,and
125|pdouridine-8-monophosphateAdenosne-5°-monophosphateucleotidepair system.

31



Results

Below arethe obtainedresultsof the RI-DFT BP86and DFT B3LYP calculationson the alkyiodides
CH3'%%1, CoH51%81, andn-C3H712%1. The pictureshereingive the resultsof the RI-DFT BP86calcula-

tions.
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Figurel: Picturesequencef CH3;'?°Te asafunctionof chage
Tablel: CH3'?°l fragmentsasa functionof total chage Q,
RI-DFT BP86,for differentbasissets
| Q | SVPlecp-46-mwb | SVPall | TZVPlecp-46-mwb | TZVPall \
+1 SCHsTe" SCHsTe" SCHsTe" SCH3Te"
+2 2CH5Te?t 2CH5Te? 2CH5Te?t 2CH5Te?
+3 ICH;Te? ICH;TE? ICH;Te? ICH;Te?
+4 | 2CH; +3Te? +HY | 2CH; +°Te?" +H' | 2CH; +3Te?* +H | 2CH; +3Te* +HY
+5 | 3CH* +1Te?* +2H" | 3CH* +1Te&?* +2H" | 3CH5™ +1Te&?* +H* | 3CH5" +1T&?* +H*
+6 | 2C* +1T&®" +3H" 2Ct +1Te?t +3HY 2Ct +1Te?* +3HY | °Ct +1Te?t +3HY
+7 | 2C* +2T€%" +3H" 2Ct +2Te’t +3HY 2Ct +2Te’ +3HY | °C* +°Te’t +3H*
+8 1C2+ +2Té3+ +3H+ 1C2+ +2Te3+ +3H+ 1C2+ +2Té3+ +3H+ 1C2+ +2Te3+ +3H+
+9 1C2+ + lTe4+ + 3H+ 1C2+ + lTe4+ + 3H+ 1C2+ + lTe4+ + 3H+ 1C2+ + lTe4+ + 3H+
+10 | 2C3* +1Te* +3H" | 2C°* + 1T +3H" | 2C°* + 1T’ +3H" | 2C3* +1Te** +3H'
+11 | 2C3* +2Te* +3H" | 2C3" +2Te>* +3H" | 2C°" +2Te>* +3H" | 2C3* +2Te>* +3H'
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Table2: CH3'?°l fragmentsasa functionof total chage Q,

DFT B3LYP, for differentbasissets

| Q | SVPlecp-46-mwb | SVPall | TZVP/ecp-46-mwb | TZVPall \

+1 SCH3Te" SCH3Te" 3CHsTe" 3CH3Te"

+2 2CH;Te?* 2CH3Te?* 2CH3Te?* 2CH;Te?*

+3 ICH,TEe™ ICH;Te** ICH;TE? ICH,TEe™

+4 | 2CH, +3Te?t +HY | 2CH; +°Te?* +H" | 2CH, +°Te’" +H" | 2CH, +°Te’* +H*
+5 | ICH" +3Te** +2H" | ICH" +1Te** +2H" | 3CH" +°Te?* +2H" | ICH" +3Te* +2H*
+6 | 2C* +3Te** +3H" | ICH" +2Te’* +2H | 3C+2Te’* +3H* °C* +1Te?* +3H"
+7 | °CY +2Te’* +3H" | °C* +2Te’* +3H" | °C* +2Te’* +3H" | SCH* +1T&* +2H*
+8 1C2+ +2T63+ +3H" 1C2+ +2-|-e3+ +3H" 2C+ +1-|-e4+ +3H" 2C+ +1-|-e4+ + 3HY
+9 1c2+ 4 174 + 3HY 1c2+ + 178t + 3HF 1c2+ 4+ 174 + 3HY 1c2+ + 174 + 3HY
+10 2C3+ +1-|-e4+ +3H" 1C2+ +2-|-e5+ +3H" 1C2+ +2-|-es+ +3H" 1C2+ +2-|-es+ +3H"
+11 2C3+ +2-|-es+ +3H" 2C3+ +2-|-e5+ +3H" 2C3+ +2-|-es+ +3H" 2C3+ +2-|-es+ +3H"

+4

+7

o

40
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+11

0 )

@
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Figure2: Picturesequencef C,Hs2°Te asa functionof chage
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Figure3: Picturesequencef CsH,;2°Te asa functionof chage

Table3: 12%I-alkyliodide fragmentsasa functionof total chage Q,

RI-DFT BP86SVP/ecp-46-mwb

[ Q | CH;1%°Te \ CoHs?5Te \ n-CzH,1?°Te
+1 3CH3Te+ 3C2H5Te+ 3C3H7Te+
+2 2CH,Te?* 2CoH, TeH* 1CHE" +2CH,Te'
+3 1CH;TE™ 1CH,TeCH}' 1CsH, T
+4 | 2CH; +3Te** +H* 2CoHs?* +3Te?* 2CgH, Te*
+5 | 3CHY +1Te?* +2H" | IC,H;" +1Te?" +HY 1CH;" +1CH,Te?" + HY
+6 | 2C* +1Te?* +3H" | 2C,H5" +3Te?* +2H" 3CgHE" +1Te?" +2H"
+7 | 2C*Y +2T€* +3H" | 3CoH3" +3Te&? +3H" | ICH" +I1CH" +1Te?" +2H"
+8 | 1C?* +2Te® +3H" | IC,H3™ +2Te® +2H" 1C3H;" +2T€% +3H*
+9 | 1C?* +1Te™ +3H" | IC,HS" +1Te* +3H" 1C3HS" +1Te?* +4H*
+10 | 2C3* +1Te™ +3H" | 2CoH*" +1TeM +4H" 1C3HS" +2T€% +5H*
+11 | 2C3* +2Te* +3H" | 2°C* +1Te™ +5H" 1C3H5" +1Te** +5H*

34




Table4: 125-alkyliodide fragmentsasa functionof total chage Q
DFT B3LYP SVP/ecp-46-mwb

[ Q | CH;1%Te \ CoHs!?°Te \ n-CzH/1%°Te
+1 3CH3Te+ 3C2H5Te+ 3C3H7Te+
+2 2CHaTe?” 1CH; +°Te" 1CH; +2CH,Te"
+3 ICHsTe™ 2CoHz" +2Te 1CsH, T
+4 | °CHjy +3Te?* +H* 2CoHE" +3Te? 2CgH;Te**
+5 | ICH" +3Te?* +2H" | 1CHS" +1Te?* +H* 1CH" +3CH,Te?™ +H*

+6 | 2C" +3T€?* +3H" | 2CoH5" +3Te? +2H' | ICHS™ +2CoH;" +1Té?" +H*

+7 | 2C" +2T€® +3H" | ICoH5" +3Te? +3H' | ICH' +ICHS" +3Te? +2H"

+8 | IC?* +2T€* +3H" | ICHS™ +2Te® +2H* 1CaH;" +2Te®* +3H*
+9 | IC?* +1Te™ +3H" [ ICHS™ +2Te® +3H* 1CaHS™ +2Te® +4H*
+10 | 2C3* +1Te* +3H" | 2CoH* + 1T +4H* 1C3HS" +2T€% +4H*
+11| 2C%* +27e* +H" | 2°C* +1Te* +5H" 1C3HS™ +1Te* +5H"

Table5: 1%°Te C bondlenghtsasa functionof chage Q for stablealkyliodides,in A,
RI-DFT BP86SVP/ecp-46-mwhb
[ Q [ CHy™Te | C,H5™5Te | C3H,%5Te |

0 2.17 2.20 2.19
+1 2.13 2.17 2.17
+2 2.04 2.16/2.44

+3 1.98 2.16 2.13
+4 2.19

Table6: 12°Te C bondlenghtsasafunctionof chage Q for stable’?>TeUdRsystemsin A,
RI-DFT BP86SVP/ecp-46-mwb

[Q [ ™TeUdR|
0] 208
+1| 2.04
+2| 203
+3| 205
+4| 214
+5| 234
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Figure4: Picturesequencef 12°TeUdRasa functionof chage

Figureb: Picturesequencef Thyminenucleotidesasa functionof chage
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Figure6: Pictureof aDNA molecule
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Discussion
Alkyliodides

Theresultsobtainedfrom the massspectrometrynvestigationof Coulombexplosionfragmentatiorof

CHs2%1 andC,yH51%°I [2, 18] have beenveri ed in away thatqualitatively mostexperimentallyyielded
fragmentsverefoundin the currentwork. However, comparisorof experimentaldatawith calculations
mustbe handledwith care,becaus®f obsered secondaryeld ionizationprocessemsideMS devices
[19]. The obtainedresultscan not answerthe questionaboutthe relative abundance®f the fragments
becaus¢he methodof the calculationscarriedout herecannot simulatethe Augerprocesstself.

Tablel give theobtainedragmentationsf CH312°l, usingtheexchangdunctionalBP86.Thefragmen-
tation patternsareidenticalfor all chagesandbasissets,i.e. SVP/ecp-46-mwhi,e. SVPall, TZVP/ecp-
46-mwb,and TZVPall. The only exceptionwasfound for CH312°Te>* for TZVP/ecp-46-mwbwhere
oneadditionalprotonappeardo be boundto the carbohydratéragment.

Table 2 give the obtainedfragmentation®f CH32°I, usingthe exchangefunctional B3LYP. All basis
setsgive identicalfragmentatiorpatternsor systemsup to a total chage of +5, exceptof the different
multiplicities for the CH3'2%1%* systemsFor higherchagedsystemdlifferentbasissetsyield different
fragmentatiorpatterns Generally basissetsbiggerthan SVP/ecp-46-mwlresultin smallerchageson

the carbonatom,as obsered for CH3'2%1* with SVPall and TZVP/ecp-46-mwband CH32°17* for

TZVPall. With increasingizesof thebasissetsapplied thatis SVP/ecp-46-mwk: SVPall< TZVP/ecp-
46-mwb< TZVPall, 125Te appeargo bearhigherchages.Whereasll basissetsgive a 12°Te** cation
for the maximumtotal chage calculated higherchagesappeaffor lower total chageswith increasing
basissetsize.

For bothexchangefunctionalsthe effect of appliedECPs  which divide all electrongnto two groups,
onevalenceshellandone coreshell for all others onto the obsered fragmentatiorpatternscannot

be ascertainedOne could expectthat the 125Te-ECPshouldresultin lower chageson 12°Te. In factit

appearshatusing ECPsor not doesnot have ary impacton the chage distributions on 12°Te cations,
whereaghis seemdo beaffectedonly by basissetsize.However, for BP86no differencedetweereCP
andall-electronbasissetswereobsered.

Tables3 and4 give the obtainedfragmentatiorpatternsof the alkyliodides CH3'2°1, C,H52%1, andn-
C3H,1?%1, usingthe differentexchangefunctionalsBP86andB3LYP. TheinvestigatedC,Hs2°| struc-
tures,usingthe BP86functional,corvergedup to achage of +3. At higherchagesthe furtherfragmen-
tationstartedrst by cutting off 1?>Te. Successie chaging the C,Hs%°Te systemundegoeslossof a
growing numberof protonsuntil completefragmentation.

B3LYP calculationsshov muchearlierfragmentatiorat a chage of +2 and+3 for C,Hs'?°I. Thefol-

lowing higher chaged systemsgive similar fragmentatiorpatternsfor both functionals,especiallyin

C,Hs'%5Tefor ethylionsandprotons Theonly differencebetweerthesewo functionalss in thechages
of theirfragments.

In caseof the n-C3H,'2°Te both functionals(B3LYP, BP86)give almostthe sameresults.As in calcu-
lationson CH3%°Te the samefragmentsoccurin differentchages,andthe fragmentatiorpatternsare
evenalmostequal.

The BP86functionalseemgo exhibit a moresystematidragmentatiomattern(seebelow), concerning
differentbasissets,than B3LYP, becausef the inconsistentappearingof fragmentdike CH ionsand
severalionsof 12°Te andCarborfor differentbasissets(tablesl and2). Thesdonsdiffer in chagesand
multiplicities for systemf equaltotal chage, but calculatedwith differentfunctionals All systemsun-
dego fragmentatiorby similar principleslike lossof 12°Te cationsandprotonswith thevery beginning
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Figure7: Qualitatve MO schemeof CH3'%°Te

of fragmentationTheseatomicions cancarry relatively high chagesout of the system whereaghey
provide quite low bondingenegiesto the formerly boundmolecule.In all caseghe carbonbackbone
remainsintact, though chaged and successiely loosing more protons,for almostall calculatedtotal
chages.Few exceptionsareobsered e.g.for n-C3H;12°Te?* | n-C3H7125Te** | n-C3H,12°Teb | andn-
C3H,1?°Te’™ for bothBP86andB3LYP. However, all fragmentgurnedoutto be stablewhencalculated
separately

To interpretobtainedesultsit is anappropriatavay to useMO schemeso derive fragmentatiorpatterns
for smallermoleculesThe CH31?°Te MO schemagivesaneasyunderstandingf its fragmentatiorand
in basicqualitatize aspectghis could be valid to higheralkyliodides, too. In table3 the 2>Te C bond
lengthbecameshorterby chaging CH3'?°Te. In classicalway one would assumethe other direction
becaus®f morerepulsve interactionsn cations anincreasingoondlength.Thiswasnotobsered.

In Fig.7is arepresentindlO schemef CH3'?°Tein Ca, symmetryandfull occupatiorof bindingMOs

by its 13electrondrom theirvalenceshells.If oneuptothreeelectronsaareremovedthisschemalevelops
right behaior of the'?°Te Cbondlength it becomeshorter(seetable5). It couldbe statedthatthe

repulsionbetweenthe methyl groupandthe non-bindingelectronsrom 12°Te reducesvhenelectrons
areremovedoutof this area Attractive interactiontowardsthebindingelectrongrom thenucleiof 12°Te

andCarbonis anothermossiblereasorfor a shortenedondlength.For anormal1?°Te C singlebond
lengthonehasto derive valuesfrom covalentradii of bothatoms[31].

Whenfour electronsareremovedthe repulsve enegy of the nucleiincreasesiueto thelossof binding
enepy, andthemoleculefragmentgustasseerbeforeonthepictures Fromachageof +4 on, CH31%°Te
is notstable.

Going on removing electronsone recognizeghat an interestingconstellationappearsat a chage of
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+9. At this point all hydrogenshave left andall p shellsfrom 2°Te and Carbonare empty and only
the s shellsare occupied.In Fig.8 this C1?°Te™® ion is seen.This is an artifact becauseof its MO
levels, which have fully occupiedantibindingandbinding MOs. The antibindingenegy is higherthan
the binding. ThusC!?°Te*® cannot exist, it hasto be an artifact. This could alsobe possiblebecause
of electrostatizeasonsFor higherchagedsystem®necandevelop aninterpretatiorfor the CH312°Te
fragmentatiorpattern,calculatedvith BP86.As presentedn table1 oneseesthatin every calculation
onthis molecule usingdifferentbasissets the completelyfragmentedystemsave gotthesamechage
distribution pattern.To understandhis, obviously, the MOs have to be replacedby the AOs of 12°Te
andCarbon.If consideredhatthe *>Te andCarbonp shellsareon a similar enegeticlevel (seeFig.8),
onerecognizeghata mechanisnof alternatingionizationcanbe establishedFirst two 12°Te electrons
areremovedto getto an equalelectroniccon guration as Carbonhas.Thenthis mechanisnstartsby
removing anelectronfrom the Carbon(total chage +6), thenfrom 12°Te, thenfrom Carbonagain,and
soon, until themaximumcalculatedotal chage of +11is reached.

For higheralkylioides the obtainedfragmentatiorpatternscould be equalbecausef their similar MO
levels. Of coursemary otheralkyl groupfragmentsshouldappearat biggersystemsBut in generathe
sameionslike 12°Te andprotonswould be rst obtainedn similar calculations.

All CH3'%°Te and C,H5'?°Te fragmentsobtainedin this work were found experimentally[2, 18] by
massspectrometrynvestigationgi.e. CHzTe", CHsTe?*, CH,Te", CH*, CH} , CoH; C2H§+ , CoHy
CoH3", CoHE, CoH3', CoH3™, CoH*, C,H?*, andatomicions). More fragmentswverefoundin exper
imentsthanin this work, becausef secondaryonization[19] andion recombinatiorreactionsin the
massspectrometer

Concluding,it canbe statedthat DFT is a viable techniquefor calculatingextremely chaged systems
by meansof quantumchemistry Basissetsas small as SVR using effective core potentialsfor heary
elementdike Te, appeatto give satisfyingresultscomparedo muchlargerandthoughmoretime con-
sumingbasissetslike TZVPall. Thussmall basissetsfor DFT calculationscanbe sufcient to derive
moleculargroundstategeometries.
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Even conceptuallydifferent exchangefunctionalsas BP86 and B3LYP seemnot to have ary impact
on the fragmentatiorpatternsdueto Coulombexplosions.For very simplesystemsnecanunderstand
fragmentatiorof highly chagedmolecularsystemdrom their MO enegiesandoccupations.

Bioorganic Compounds

125|9douracil(1251UdR) and’’Bromouridine-5-monophosphateerechoserto bethe systemso inves-
tigatebecausé?®l is commonlyinsertednto mammaliarDNA by 12°|UdR. Thesystemsverecalculated
with chagesof +1 to +10,+15,and+20. Similar calculationsvere carriedout by Pomplun[21, 30] on

1251UdR with the semiempiricamethodPM3.

12510douracil

Table 6 and Fig.4 give the resultsof the calculationson 12°TeUdR.In goodagreemento Pompluns

[21, 3Q] results,stablemoleculeswere found for lower chages. Even the samedeformationsof the

Tellurium Carbonbondwere found. Increasingchage turns 2°Te towardsthe neighboredO of the

keto function. Up to chage of +5 Pomplunfound stablemoleculesin relative normal conformations.
For +6 chage enormougdeformationsof the aromaticring were obsered, but this is probablydueto

the semiempiricaPM3 level of theoryapplied,whichis notableto describebonddissociatiorproperly

Insteadof deformingat higherchages,*?>TeUdRfragmentsnto two partsin thiswork. From+6 to very

highchagesone nds, like in caseof thealkyliodides,similarfragmentatiorpatternsfirsttherewill be

125Te andHydrogenionsemitted,andthenthearomaticring will bedestrged. A possiblereasorfor the

stability of the ring systemis, of course,its aromaticity contrikuting additionalbinding enegy to this

ring systemAt high chages'?°TeUdRfragmentsn severalions.In casef very high chagesartifacts
could possiblybe obtained ase.g.the openeding groupbinding 1%°Te (chage +20), or retainedring

groups(chages+10, +15), thoughring fragmentatioralreadyoccuredat chagesof +8 andhigher

Similar to the former discussioraboutthe alkyliodidesthereare 12°Te and Hydrogenas rst fugitive
componentsThe size of this moleculemakesit hardto build a MO schemesoit could be considered
thattheoccupiedVOs rearrangen a specialway suchthatartifactsappearAs in Pompluns work [21],
the1?>Te C bondlengthfound hereshortensup to chage +2, andthenincreasesvith growving chage
(table6). Pomplunfoundthatthe 12°Te C distancen +5 chaged!?*®*TeUdRis about20% longerthan
of the +4 chaged system.Looking at table 6, herethe bond length increasesonly about10% from
+4 to +5 chaged *>TeUdR. Comparingwith Pompluns results[21], it seemshat differentmethods
for calculatingCoulombexplosionsof bioomganic systemsyield comparableesultsfor at leastlower
chaged systemsSo it could be statedthat DFT methodis one appropriateway for theoreticaDNA
investigation.

Uridine Nucleotide

In several DFT calculationgthe 12°Te incorporatinguridine nucleotidescould not corverge becausef
the?>Te separatingrom thethyminenucleotidegroup.To keeptheresultscomparablesimilarelement
waschoserto replacethe not binding 12°Te. So ’’Sewith thyminenucleotidewasinvestigatednstead.
It gave comparablggeometryparametertike similarC  “’Sebondlengthandangles.

The investigationof the uridine nucleotideswith 7’Seinsertedleadto the resultsshavn in Fig.5. For
lower chaged systemsup to a chage of +6, no fragmentatiorappearslike in caseof the 1>°TeUdR
systemAt achageof +7 rst protonsand’’Searecut off from the nucleotide A reasorfor this might
be the ability of this ionsto carry positive chagesasdiscussedn the former chaptersin +7 chaged
nucleotideghe structurealsodeformsin away thata protonbindsatan O from the uracilto form anew
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O H bond,andalsoundegoesa hydrogerbondto anotherO from theribosering systemThe ’’Seis
alsotwistedto its neighbored like in 12°TeUdR. This twisting towardsits neighboris even obsered
in +8 chagedsystemuntil the ’’ Seseparatefrom the nucleotidegroupin +9 chagedsystemIn every
caseof fragmentatiorthe C 7’Sebondis deformedor cut. For higherchaged systemsas+10, +15,
and+20, thefragmentatiorpatternsaresimilar to the lower chagedsystems.

An interestingpointis the C C bondbreakingin the ribosering system.This is obsered for chages
of +8to +10,and+15. At all structuregshe samebondsarebrokenin theribosering. Thereasorcould
bethatthe two separategartscanhandletheir chagesbecausef the neighboredd groupswhich can
stabilize positve chagesby their lone pairs.Here,the O cangive one of its lone pairsto bearsome
positve chage of the alkyl groups.So, the calculatedfragmentswith this broken ribose partscould
probablybeno artifacts.Sofar this ribosebreakingmight be a possiblerouteto causeSSBin the DNA.

The uracil basesubsystemappearedo be stablein all performedcalculations probably becauseof

its aromaticring system.This gives additionalbinding enegy to the ring so that fragmentatiorof the

ring systemwasnot obsered. This couldalsobe understoody the agumentthatthe whole nucleotide
moleculecould carrymorepositive chagesthanthe smallerthyminebasewith 125Te.

In onecase(chage +8) even H,PO; wasformed,but its chage and multiplicity wasnot investigated.
Thusthis fragmentcouldbe akind of phosphoriacid derivative.

DNA

Thel0Obasepair DNA doublehelix wasoptimizedusingMARI-J -DFT BP86methodswith aSVPbasis
setfor all atoms(seeFig.6). This systemwassaturatedvith one protonfor eachbridging phosphorous
aciddiesterfor electroneutralityeasongseemethods).

RHF-SCFcorvemgenceappearedo be relatively fastwithin anenegy tresholdof 10 © a.u.(about100
steps) However, no minimumgeometrycould be found usingthe standardyeometryoptimizationtech-
niguesof TURBOMOLE. Thisis, rst, possiblydueto theoverall e xibility of themolecularstructure,
thetwo doublestrandseingconnectedanly by hydrogenbonds.Thusthepotentialenegy hypersurdce
is assumedo exhibit several local minima nearthe global one.Secondthe initial EHT startorbitals
werefoundto be enegetically very closeto eachother anda manifold of almostdegeneratestatesnear
theHOMO LUMO gapmustbeexpectedTherefore severaloptimizationcycleswerecarriedout until

thetotal enegy gradientdroppedbelon 10 ! a.u.,andthe geometryobtainedby this wasusedasa start
geometryfor thefurtherinvestigations.

Thesituationbecamevorsefor substitutinghemethylgroupof onethyminebaseby ’’Br, to geta Auger
emitterincorporatingdNA modelsystemThis systemwascalculatecheutral,andwith a positive chage
of +15. For both casesit appearedo beimpossibleby standardechniquego reachUHF-SCFcorver
gencegvento converge to asetof MOs changingessthanabout10 # a.u.in its total electronicenegy.
HOMO LUMO gapsdroppedbelov 0.005a.u.in every calculationandcouldnotbe x edby ary com-
binationsof UHF-SCFor occupatiomumberoptionsin TURBOMOLE, e.g.orbital shift automatic
or manual or SCFdampingmethods One possiblereasonfor that might be the unrestrictechature
of the calculationscarriedout on that system.By ary means this was absolutelynecessarypecause
fragmentationor atleastary responséo thehigh chage,wasexpected.

Conclusions
It wasshavn thatDensityFunctionalTheory(DFT), thoughanon-dynamicahpproachis anappropriate

methodto calculatethe Coulombexplosionof organicandbioorganiccompoundsMolecularfragments
formedby Auger processnducedCoulombexplosionscould be predictedagreeingwith experimental
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results,andcharacterizeth termsof chage, multiplicity, andstability.

Theidenti ed fragmentsshav a qualitative but cleartrendin fragmentatiorreactions following the
much fasterAuger process for differentinvestigatedsystemsH* and 12°Te cations,and H* and
"TSe cations,respectiely, werethe rst componentso be repelledfrom the fragmentingmoleculein
every singlecalculation.For the calculationson bioomganicsystemsontainingphosphorouscid mono-
or diesters,”’Br was chosenfor the Auger emitter insteadof 12°1, becausehe latter appearedo be
impossibleto investigateby DFT techniquesNo stableiodide structuresverefound here,in contrasto
variousexperimentaresults Similarly, no fragmentatiorof highly chaged10 basepair DNA sequences
couldbecalculatedsuccessfully

Assumingthat the fragmentationfound for simple organic systems;.e. CH3'?°l, CoH5'2%1, and n-

C3H71?%1, andlargersystemsas’’Br incorporatinguridine nucleotidescould be a modelfor bioomganic

compoundsn living cells, the Coulombexplosioncouldin factbe a viable pathway to Auger process
inducedDNA damageAs seerfor uridine,C C bondbreakingin theribosering maybe,for example,

a possiblefragmentatiorreaction.On the other hand,aromaticsystemsappearto hold greatstability

againstfragmentatiordueto high chages,as shavn by comparableesultson the 12°TeUdR system,
calculatedvith DFT, HF, andsemiempiricaPM3 methods.
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NMR-QuantumComputerSimulationon a Parallel
Supercomputer
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Abstract: Theaim of thiswork wasto simulatethetime evolution of aquantumcomputersys-
tem. The simulationcodewasoptimizedto run on a parallelcomputetthatprovidesthe needed
resource$o modelthetime evolutionin areasonabléme. Therebytheattentionwasfocusecdn

two majorfeaturesFirstthe Suzuki-Trotteralgorithmthatwasusedio modelthetime evolution

andsecondhe adjustmento a speci ¢ realisationof sucha computerithe NuclearMagnetic
Resonanc®uantumComputer

Intr oduction

A quantumcomputercansolve certaincomputationallyhardproblemsmuchfasterthana classicakcom-
puterunderthe circumstancethatthealgorithmmakesuseof thequantumparallelism.Thusin orderto
exploit the hugepotentialof a quantumcomputera simulatoris indispensabléor gainingfurtherknowl-
edgein particularsincetheoryis far aheadof the experiment.The basictask of a quantumcomputer
simulatoris to solve the time dependen&chrodingeequatio for all the qubitsinvolved. For a system
of n qubitsthedimensiorof our problemandthe numberof equationgo be solved scaleswith 2. If we
have for example25 qubitswe aredealingwith 22° = 33:554432 equationsot consideringheamount
of memorythatwould beneededo storethestatevectoror theoperatorskurthermoreby takingthestep
from anideal(theoreticalquantumcomputetto arealphysicalsystenmwe have to take into accountalot
of unwantedside-efectsasexplainedlaterin this text thatturn the systeminto a mary-body problem.
Hencetheproblemcannolongerbesolvedanalytically It becomesiecessaryo approximatehesystem
by numericalcalculationsBoth of the aspectghatare mentionecheredemonstraté¢hatit is necessary
to usea parallel(still classical)supercomputeNowadayssimulationswith up to 30 qubitscanbe han-
dled.To make a quantumcomputercompetitize to a contemporaryglassicacomputemwe would needat
leasttensto hundredqubits. This alsoshavs the limits of a classicalsimulationbecausdo storeonly a
statevectorof a 250 qubit systemit would requireasmary bytesasthereareparticlesin the universe

( 10%).

In thetheorysectionsomebasicsof quantumcomputingwill beintroducedcoveringthe mainaspect®f
theidealquantumcomputerandthetime evolution. Thedifferenceshathave to be consideredegarding
a real NMR-quantumcomputerare followed by a closerlook at the Suzuki-Trotter algorithm. After a
shortoverview of the structureof the programitself the programmingsectionaddressetheissueof how
to implementOpenMPandMPI andexplainsthe functioningof the coresubroutinehatdoesthe actual
computationAt lasttherewill beaconclusionshaving someresults dif culties andfurtherideas.



Theory
Theldeal QuantumComputer

Wherea classicalcomputeruseshits a quantumcomputerusesqubitsto storeits data.A qubitcanbe

thoughtof asa 2-level systeme.g.a spin % systenthatis describedy a statevectorin a 2-dimensional
comple Hilbert spacelf we choosethe Eigenstatesf the z-Pauli-operatoljOi = é andjli = ‘f as
basisstateghe stateof the qubit canbewritten as

ji= joi+ jli (1)
ji2+ii’=1 ; 2c )

The parameter canbe assumedeal sincewe canalways extractan overall phasethat doesnot con-

tribute to the expectationvalue.While in classicakcomputersither or isexactly equalto 1 in quan-
tum mechanics superpositiorof j0i andjli is possibleasfar asthe normalisatiorcondition(equation
2) holds.Superpositions a specialquantumpropertythate.g.allows fastercomputatiorin comparison
to aclassicakomputelif we canimplementthis quantumparallelismin the algorithm.Qubitsalsohave

other non-classicapropertiesike entanglemenfor examplethat opensup nev ways of computation
quitedifferentfrom thewell known classicabnes.

Since canbeassumedealwe canpicturethestateof aqubitin thesocalledBloch-spheravhereastate
is representedy a pointinsidetheunit spheredeterminedy 3 realparameters, andr. Thestatedor
whichr = 1 holdsarecalledpurestatesandarelocatedon the surfaceof the Bloch-sphereStatednside
the Bloch-sphereorrespondo mixed stateswvhich we will not considerherefor reasonf simplicity.
Sinceevery additionalqubit doublesthe numberof basisstatesour systemhasdim = 2[n0:0fQubits]  Fqr

Figurel: Bloch sphere
a 2-qubitsystemasit is consideredn this work we aredealingwith 4 basisstates.The statevectoris
thengivenby
j i= joo + o1 + jio + j1di (3)
j PP P PEL (4)

Singlequbit operationsanbe picturedasrotationsof the Bloch-vectorarounda certainaxis.
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In analogyto classicalcomputing,it turnsout thatthereis a universalgatesetfor a quantumcomputer
thatis sufcient to performevery possibleoperationOnepossiblesetcontainsthe rotationsaroundthe
X-,y-andz axistogethemwith the CNOT operatiorthatactson 2 qubitsand ips thespinof thesecond
qubitif thethespinof the rst qubitis up ( gure 2).

Figure2: auniversalgateset

Time Evolution

Thetime evolution of a quantumsystemis governedby the Schrdodingeequatio

d,
5 (D= HOI( v 5)

Integrationyields
Z., _
j(t+ Ji=exp i dH() j(ti=U)i(i=e'"j(Di (6)
t
whereU(t; t+ ) isaunitaryoperatothesocalledtime propagatothattransformg ( t)i intoj ( t+ )i.
Note thate ' H() is unitary by construction.The mostgeneralform of a Hamiltoniandescribinga
guantumspinsystenreads

X X X X
H(t) = Jij (DS S h; (1)S; (7)

ij=1 =Xxy;z i=1 =Xy:z

The rst factor describeghe qubit-qubitinteractionbetweenthe qubit-pairswhile the secondfactor
describeghe externalin uencesactingon singlequbits.In the caseof 2 qubitsthis expressiorreduces
to

X X
H(t) = J12(1)S: S, _ hi (1S 8)
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TheNuclearMagneticResonancuantumComputer

While we cancomputethe propagatiorof anidealquantumcomputeranalyticallyin the non-idealcase
thereare additionalimpactson our systemdependenbn the physicalrealisationof the quantumcom-
puterthat malke the Schrédingeequationno longersohable analytically In additionto thatthe order
of the appliedoperationgnatterssothata differentorderresultsin differentoutcomesin the Nuclear
Magnetic-Resonanammputerawholeensemblef spinsenclosedn a suitedliquid is usedto represent
thequbits.Thereis astaticmagneticeld alongthez axiswhich splitsupthespin-enegy-stats dueto
the Zeeman-déct. Eachspinrotateswith its Larmorfrequeng aroundthez axiswhile it alsocouples
in z directionto themagneticeld of the otherspins.Soaccordingto thelsingmodelour Hamiltonian
for afreely evolving systenmreads

H(t) = J()SiS; hiST  h3S; (9)

Single-gubitoperationsarecarriedout by shortsinusoidakadio-pulsesunedto the Larmorfrequeny !
of the qubit. Thusif aradio-pulseH.1(t) = (hiS} + h3S%)sin(! t) is appliedto qubit 1 alongthe
X axistheHamiltonianbecomes

H(t) = Jf(SiS; hiST h3S;  (hiSq+ h3S;)sin(!t) (10)

J{., andh; aretime dependenandcanbe controlledduringthe experiment.The durationof theradio-
pulsesdetermineshe angleaboutwhich the spinrotates.

TheSuzuki-TotterAlgorithm

In orderto solve the Schrédingeequatiorwe try to approximatehe exactsolutionU(t) = e ' H by an
approximationg (t).

The Suzuki-Trotterformula

U(t) = e itH — e it(Hi+:+Hg) = lim e itH,=m (11)
m!l k=1

enableaisto split up theoperatoiJ (t) into time slices.Thisis mathematicallyexactform! 1 .Fora
numericalapproximatiorwe have to stopm atsomepoint. The Baker-Hausdorf formula

g(A+B) = gAgB ?[AB]. .. (12)
allows usin thecaset Hj 1 to rewrite the whole unitary propagatotJ (t) asaproductof a number

of small(2x2) and(4x4)-matricedJ (t) . Sofor sufciently smallt Suzuki-Trotterappliedto 1stand2nd
ordergivesus

Bi(t) = e tH1i:::e MHk (13)
(14)
B(t) = BY( t=2)8,(t=2) = e "Hx P11 TH12e MH1Z2 11 g tHK=2 (15)

For the 2nd orderapproximatiorwe canestimatethe numericalerrorof the approximatiorto O(t?).

Summarizingo computethe transitionfromj ( t)i toj( t+ )i wedecompos&J(t) into smalltime
stepsof length

Ut+ ;t)y=U(t+m;t+m 1) )::U+2;t+ U+ ;t) (16)
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Thenwe usethe 2ndorderSuzuki-Totterfor eachtime stepyielding
By(t+m ;t+ (m 1))=e tHith(m 3) =2...¢ itHe (tH(m 3) ... itHi(tH(m 3) =2 (17)

whereagainH  is asingletermof the Hamiltonian

X X
H(t) = J{,(t)SiS] h; (1)S (18)
i=1:2 =X,z

Programming and Parallelisation

Sofartheprogramrunsfor 2 qubitsandis ableto performall singlequbit operationsanddifferentreali-
sationsof the CNOT gate.In thefollowing a 2-qubitsystemis assumeadvith qubit 1 and2 respectiely.

Structue of the Program

Eachelementanpperatiorasfor examplethesingle-bitrotationsis calledamicroinstructionMI). In the
programthereareMls for therotationsaboutthex ;y ;z axisby 5 and - for eachqubitdenoted
by Xi; ®i;Vi;%;Zi; & withi = 1;2 aswell asaninteractionoperatorl 1, that canbe interpretedas
arotationof onespinin the others magnetic eld. Theseoperationsaredeterminedy the parameters
J{., andh; in theHamiltonian(eq.10).Consideringa NMR quantumcomputeme have to keepin mind
thatthe qubit-qubitinteractionterm hasalsoto be appliedduring an externalradio-pulse Eventhough
J{., is usuallymuchsmallerthanh; the perturbationduringthetime of the radio-pulseis not thatbig.
It is alsoimportantto considerthatthe radio pulsealsoin uencesnot only the desiredqubit to whose
resonancdrequeny it is tunedbut alsowith a smallerimpactof coursethe otherqubit. Thereforethe
X ;® ;Y ;¥ Mis consistof 2 operationsOnethatis appliedto spin1 andonethatis appliedto
spin2. The courseof the programis asfollows:

1. selectionof the parameters; ,J7., andthe steplength (this de nes the numberof stepsthatit
takesa Ml to rotatethe spinaboutthe desiredangle)

2. initialisationof theinput state
3. for all successie operationdbeingappliedfor the sametime period

for eachtime step

(a) computethe matricesfor the next iterationstepaccordingto the Suzuki-Totterdecom-
positionandthetime steplength

(b) callqubitlww or qubit2zww (seenext section)

4. readoutof theexpectationvalues

TheSubputinesqubitlww andqubit2ww

Thecoreof theprogramarethesubroutinegubitlww andqgubit2ww thatdotheactualapplicationof

the(2 2) and(4 4) matricedo thestatevectorthatis storedasanarraycontainingtheamplitudes
of thebasisstatesThedif culty is thatin orderto applythe(2 2) matrixin the caseof asingle-qubit
operationto the correctpairsof amplitudeshesehave to be reorderedIn this casethe two amplitudes
thatbelongtogetherarethe onesthathave the samevaluefor all qubitsexcepttheonethe operatioracts
on. Thereforewe useanauxiliary index arrayof the samdengthasthe amplitudearrayinitialisedto the

valuesD::: 2". Dependingonwhichqubittherotationis supposedo actonabit-wiseresortingalgorithm
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is usedto bring the index array into the right order Thenthe index array containsthe order of the
amplitudesn theamplitudearray Now theroutinejusttakesthe rst two entriesof theindex arrayand
usesheseasindicesto accessheright amplitudedrom theamplitudearray performsthe multiplication
andwrites backthe nev amplitudevaluesto the amplitudearray This procedures shavn in gure 3.
Sinceespeciallyfor the 2-qubit-operationthematricesoftenhave diagonakhapethemultiplicationcan
beacceleratethy implementingt manually

Figure3: assingle-qubitoperationon the 2nd qubit of a 3-qubitsystem

OpenMPandMPI

The JUMP supercomputeconsistof 40 nodes Eachof themhasagain32 processorshathave access
to the samememory OpenMPpravidesthe programmingcommandgor the communicatiorbetween
the processoref onenodewhile MPI doesthe samefor internodecommunicationThe parallelisation
processhasbeenstartedwith OpenMPbecauset the rst glancethereis oneamplitudearrayon that
all computationsare carriedout. So all processorghat are participatingin the computationhave to
accesghe samememoryspace.That makes OpenMPpreferableas long aswe useonly one nodeor
up to 32 processorsespectiely. For further parallelisatiorwith MPI anotherstratgy hasto bethought
of to integratethe alreadyexisting OpenMPcode.The crucial point is thatall MiIs have to be applied
successkely andonanon-idealquantumcomputethe outcomedepend®ntheorderof theapplications.
As aconsequencparallelisatiorcanonly take placewithin onetime step.

Comingbackto the OpenMPparallelisatiorthereare2 majorwork stepghatcanbe parallelisedOnthe
onehandbeforeevery call of the subroutinesjubitlww andqubit2zww the actualmatriceshave to
becomputedThuswhile oneprocessois performingtheactualcomputatioranotheiprocessoprepares
the matricesfor the next time step.On the otherhandif the systemconsistsof morethan2 qubitsa
partitionof theindex arrayandso a distribution of the amplitudearrayontodifferentprocessorsnakes
senséhaving every processojust computinga partof the amplitudearray This is possiblesincewithin
oneMI actingon onequbit no further sortingis necessarnandno confusionwith the arrayentriescan
occur This partitionschemas shawvn in gure 4.
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Figure4: parallelisatiorin the caseof 3 qubits

MemoryUsage

To provide sufcient accuray the variabletype'doublecompled’ is usedwhich occupies?* bytesper
complex number Storingthe 2" 2" matrix U(t) = e M of our n qubit systemwould require
22"+4 pytes Thestatevectorrequiresadditional2"** bytesof memory Especiallyif we considedarger
systemsof about20 qubits the neededmemorysize comescloseto the available 5:2 Terabyteof the
JUMParchitectureThedecompositiorof U(t) into(2 2) and(4 4) matriceswouldallow usto
simulateup to 38 qubitssincenow the statevectorwould take up mostof the memory In this casethe
memoryconsumptiorof thesmalloperatomatricess negligible. Thisreductionof memoryis of course
at the expenseof speedsinceevery 2-qubitoperationhasto be applied2" ! timesevery 4-qubit2" 2
times.

Conclusionand Outlook

Simulationsof ideal problemsgive the correctresultsasit is easyto checkwith a penanda paper For
the computationof differentrealisationsof CNOT gatesin the NMR casemeasuringhe expectation
valuesfor the 2 qubits gives rudimentarythe sameresultsfor the outcomestatesas publishedin [1]
and[2]. The next stepwill beto implementothergatesandalgorithmsasthe Toffoli gatefor example
or the Grover's datasearchalgorithmaswell asto increasehe numberof qubitsto be ableto analyse
decoherencphenomena.

Results

In orderto testthe program3 differentCN OT gateimplementationdiave beenappliedto the 4 basis
statesTheresultsseemto shav theright tendeng andthe CN OT, implementatiorseemdo beclosest
to theideal CN OT -gate.Table1 shavs the expectationvalueshQ%i andhQ3i of qubit 1 andqubit 2.

Herethedifferencedetweertheidealandthe NMR-quantumcomputebecomeclearlyapparent.
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Idealquantumcomputer s=8 s= 16 s= 32 s= 64

Operation  Qf Q3 Qf Q5 Qf Q5 Qf QF Qf Qf
(CNOTy)joo  0.00 0.00 0.61 0.02 0.58 0.02 0.63 0.01 0.52 0.02
(CNOTy)joo  0.00 0.00 0.15 0.02 0.15 0.02 0.16 0.01 0.13 0.02
(CNOT3)joo  0.00 0.00 0.77 0.02 0.72 0.02 0.80 0.02 0.65 0.00
(CNOT,)j02i 0.00 1.00 0.61 0.98 0.58 0.98 0.63 0.99 0.52 0.98
(CNOTy)jo1 0.00 1.00 0.15 0.98 0.15 0.98 0.16 0.99 0.13 0.98
(CNOT3)jo1  0.00 1.00 0.77 0.98 0.72 0.98 0.80 0.98 0.65 1.00
(CNOTy)j100 1.00 1.00 0.39 0.98 0.42 0.98 0.37 0.99 0.48 0.98
(CNOT)j10r 1.00 1.00 0.85 0.98 0.85 0.98 0.84 0.99 0.87 0.98
(CNOT3)j100 1.00 1.00 0.23 0.98 0.28 0.98 0.20 0.98 0.35 1.00
(CNOTy)j12i 1.00 0.00 0.39 0.02 0.42 0.02 0.36 0.01 0.48 0.02
(CNOTy)j11 1.00 0.00 0.85 0.02 0.85 0.02 0.84 0.01 0.87 0.02
(CNOT3)j12  1.00 0.00 0.23 0.02 0.28 0.02 0.20 0.02 0.35 0.00

Tablel: expectatiorvaluesfor thedifferntCN OT operationsthe parametes canbeseerasameasure
of accurag of thecalculations
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Abstract:

This article describedlifferentapproacheto speedup matrix-matrixmultiplications.In the
serialcasethreealgorithmsare comparedAn optimizedassemblecodeis combinedwith the
serialandparallelalgorithms A conceptor parallelmatrix-matrixmultiplicationis discussed.

Intr oduction

Multiplication of two matriceds oneof the mostbasicoperationsn scienti c computinglts centralrole
is emphasisedy its inclusionin portablelibraries,suchasthe Level 3 BLAS. A speedup of this basic
operationwould increasehe performancef every applicationusingmatrix-matrixmultiplications.

Therearetwo possibilitiesto reducethe runtime of the computation.Tuning the classicalalgorithmto
a given machinearchitectureandapplyingalternatve algorithmswith asymptoticcompleity lessthan
theO (m3) operationgequiredby the classicaklgorithm.

This paperaddressespeedingup the matrix-matrix multiplication of densematricesusing both ap-
proachesTheresultsshav thatbothanalternatve algorithmandanadjustmenof theexisting algorithm
to thearchitecturesanacceleratéhe computatiorandindicatehow theseapproachemaybecombined.



Background

This sectiongivesa shortovervien of the libraries, programminglanguage andthe architecturethat
wererelatedto thework.

JUMP

The JUMP (JUelichMulti Processor)s a distributed sharedmemoryparallel computersituatedat the
ZAM, Forschungszentruillich.It consistof 41 nodesachcontaining32 IBM PONER4+processors
runningat 1.7 GHz. Eachnodehasa sharedl28 GB main memoryanda 3-stepcachehierarchywhere
themostimportantcachdevel isthe L2 cachewith 1.5MB perchip (2 processorsadndanaccessime of
10-12cycles.All in all, thereare1312processorandanaggrgatepeakperformancef 8.9 TFLOPS.

MPI

MPI (MessagdPassinginterface)is alibrary of functionsandmacroshatcanbeusedin C, FORTRAN
andC++ programslt is intendedfor usein programsthat make useof multiple processorsn distrib-
uted memory machinesby messagepassing It is one of the rst standardgor programmingparallel
processors.

BLACS

TheBLACS(BasicLinearAlgebraCommunicatiorBubprogramsarealinearalgebraorientedmessage
passinginterface.lt is implementedfor a variety of hardware architecturesThe interfaceis identical
acrossthe different distributed memory platforms and independenof the messageassinglibraries,
which malesit easyto develop portableapplicationsfor linear algebraproblems.On the JUMR the
BLACS are built uponthe IBM communicatiorinterface LAPI (Low-level Application Programming
Interface).The BLACSareusedascommunicatiodayerfor theScaLARACK projectandfor the PESSL.

BLAS

The BLAS (BasicLinear Algebra Subprogramsare high quality routinesfor performingbasicvector
andmatrix operationsOptimisedversionsof thislibrary exist for almostall systemsThusprogramghat
arebasednthe BLAS performvery well ondifferentarchitecturesThe BLAS areorganisedn 3 parts.
TheLevel 1 BLAS performvectorvectoroperationdik e vectoradditionor copy operationsThe Level
2 BLAS do matrix-vectoroperationgik e the matrix-vectorproductor rank-oneupdatef amatrix. The
Level 3 BLAS do matrix-matrixoperationsamongotherthingsthe matrix-matrixmultiplicationroutine
DGEMMt is a very efcient algorithmfor matrix multiplication andis thus widely used.BLAS are
includedin ESSL.

PBLAS
The ParallelBLAS routinesaredistributed-memoryersionsof the BLAS. The PBLAS usethe BLACS

for communicationbetweenprocessesnd the BLAS for computationin a process.The PBLAS are
writtenin C, but with Fortran77 interfaces Both, ScaLARACK andPESSL containthe PBLAS.
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GOT1O

GOTO arehigh-performanc®LAS routinesprovided by KazushigeGoto[6]. The routinesarewritten
in assemblecode.They achiare betterperformancen currentgeneratiorarchitecturedy reducingthe
overheadbriginatingfrom Translation_ook-asideBuffer (TLB) tablemissesThelibrary is availablefor
about20 differentarchitecture@ndcanbe accessedia the internet[5]. Especially GOTO containsan
optimisedversionof DGEMM for matrix multiplication.It replaceshe BLAS routineby linking it prior
to or insteadof ESSL.

FORTRAN

Thesoftwaredevelopedis writtenin FORTRAN 90. Comparedo olderversionsof FORTRAN, it offers
modernlanguagdeaturedike dynamicmemoryallocationor the moduleconcept.The FORTRAN 90
standardvasdesignedo exist alongwith olderversionsof FORTRAN, althoughthe cooperatioris not
alwayseasyto handle Sincethe PBLAS arewrittenin C, alsosomeC les exist.

Serial General Matrix Multiplication

Considetthe problemof computinga productof two matrices:
A:m k and B:k n

The rst attemptto programa matrix multiplicationmalkesuseof threeloops(Figurel).

DO i=1,m
DO j=1,n
DO I=1k
CGij) + = AGNB()
ENDDO
ENDDO
ENDDO

Figurel: Matrix multiplicationwith 3 loops

Adaptationto the Architectue

Sincecurrentcomputersave a hierarchicamemorystructurein whichtheaccesgo datain upperlevels
(registers,cache)is fasterthanto datain lower levels, it is acommontechniqueto usethe datastoredin

theupperlevels asoftenaspossible Therefore the matricesare partitionedinto blocksandthe compu-
tationsarethenperformedon the blocksgenerated.

Thecomputatiordealswith m k n multiplicationsandadditions.SincethematricesA, B, C haveto be
storedmemoryform k+ k n+ m n numberss neededAssumingquadrationatricesandtreatingan
additiontogethemwith a multiplicationasanoperationwe obtainm? operationsanda storageof 3m?.

As thedimensionm increasesthe matricesexceedthe cacheof thearchitecturdeadingto anaccumula-
tion of cachemissesTo avoid this, a blocked algorithmis applied. The matricesarerecursvely split up
into parts,until the resultingpartssuitthe cachesize.Onelevel of this splitting processisectioningthe
dimensionss illustratedin Figure2.
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Figure2: Classicamatrix multiplication

A setof 8 independentmatrix multiplicationsare created.Theseneedonly a fourth of the memory
comparedo the original matrix multiplication. Recursiely, the matrix sizedecreasesherebyallowing
thematricesto t into thecache.

Thenumberof operationgemainsthe same Neverthelessthe computatioris spedup, asthe numberof
cachemissegropsdramatically

Splitting furtherthanto blocksthat t into L2 caches counterproductve, soanoptimalcrosseer point
canbecomputedor every architectureabore which a partitioningis moreeffective thancomputatiorat
thatlevel.

C( opA) opB)+ C
withop(X) = X or X T
2R
Figure3: Operationof DGEMM

The Level 3 BLAS routine DGEMNMhalkes useof sucha cacheoptimization.It performsthe operation
picturedin Figure 3. To further acceleratehe computationof a generalmatrix-matrix multiplication,
the numberof operationshasto be reduced.Thereare somealgorithmsoffering a lower amountof

(computationaltompleity. A classof themis discussedhn thenext section.

Applyingan AlternativeAlgorithm

One algorithm which offers an asymptoticcompleity lessthanthe classicalalgorithmis Strassers
algorithm.It wasintroducedn 1969([7]).

Theideaof Strassers algorithmis to avoid 1 of the8 multiplicationsthataregenerateéh thepartitioning
depictedin Figure2. The procedurds divided into 3 phasesthe pre-additionsthe multiplicationsand
the post-additiongFigure4).

The standardalgorithmthat performsO(m?) is shavn in Figure?2. Strassers algorithmusesalgebraic
identitiesto reducethe numberof multiplicationsto 7 at a costof 18 additionsinsteadof 4. Recursion
leadsto a dropof the compleity down to O (m?2897).

Note that asymptotically(m » 18), the matrix additionscan be neglected,becauseof compleity of

O(m?) comparedo the compleity of matrix multiplication (O(m?3)). The additionsdo causea higher
amountof memoryaccessesl his playsacentralrole in designinga parallelmatrix multiplicationalgo-
rithm.

Winograds variantof Strassers algorithm([1]) uses7 recursve matrix multiplicationsand15additions.
It is depictedin Figure 5. It can be shavn that this is the minimum numberof multiplicationsand
additionsfor ary recursve matrix multiplicationbasedbn a partitioninto quadrantg[2]). Thenumberof
additionscomparedo Strassers algorithmis reducedat the costof a slightly furtherincreasechumber
of memoryaccessed:or a serialimplementatiormemoryaccessesanbe cheap|f the sequencef the
operationgs arrangedgroperly ThusWinograds algorithmis preferablen this case.

Both algorithmsoutperformthe classicalalgorithm above a critical matrix dimension,referredto as
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mindim Below that dimensionthe classicalalgorithmis preferablelt is a characteristiozalue of the
architectureC. Douglaset. al. ([1]) recommendnindimto be betweer32 and256. For currentsystems
it shouldbe somevhathigher A suitablecrosseer pointfor JUMPis betweerB00and165Q

S1 =AntAx Mi1=5S Ti=Mi1+ My
S; = At Ax Mz=5B11 To=M7 Mg
S3 = Annt+t A M3z=AuS; Tz3= M1+ M3
Sy = A Ann Myg=AxnSg T4=Meg M
S5 = Az B2 Ms= S3B2
Se¢ = B11t+ B2z Mg = S4S9
S7 =Bz B2z M7=S55S10 Cuu=Ti+ T2
Sg =Ba1 Bmn Ci2= M3+ Mg
Sg =Bu+B Co1= M2+ My
Sio = Bar+ B2 Co=Ta+ Ty
Figure4: Strassers algorithm
S1= A+ A M1= S5 T1= M1+ M
S2=51 Ain Ma=A1uBi1 To=Ti+ My
S3=A11r Az M3=ABa
S4=A1 S My= S35y
S5=Bi2 B11 Ms= $Ss Ci1= M2+ M3
Se= B S5 Mg=S54B, Cio=Ti+ Ms+ Mg
S7=B22 Bz M7=A2»nSg Cun=T, My
Sg=Sg B Cxn=To+ Ms

Figure5: Winograd svariantof Strassers algorithm

Implementation

A serialWinogradalgorithmwascodedn FORTRAN 90. Theroutineis namedGEMM\Y hasthesame
functionalityandparametergasthe Level 3 BLAS routineDGEMMt executeshe operationdepictedin
Figure3 with matricescontainingvaluesin DOUBLE PRECISION.

Thealgorithmis consistentvith [1]. Therearetwo featurego pointout:

At rst, onehasto take careof dealingwith odd dimensionsAs pointedout in [4], thereare several
possibilitiesto solve the problem:by embeddinghe matrixinto a largerone(staticpadding, by cutting
off somerows / columnsat eachlevel and computetheir contrikution to the outcomeseparately(dy-
namicpeeling or by decomposinghe matrix into partsthat overlapby onerow / columnat eachlevel
(dynamicoverlap). Heredynamicoverlapis used.Note, thatthe duplicationof rows or columnsis only
conceptionallyThereis almostno extra storageor extra computationln FORTRAN 90 oneonly hasto
selectthe right submatricesthenthe whole algorithmrequiresonly 10 extra lines of codefor handling
oddsizedmatrices For detailson dynamicoverlap,referto [1].

The secondfeatureto emphasisés the low amountof extra storagerequiredin animplementatiorac-
cordingto [1]. Theoperationsaarearrangedn a specialorderto maximisethereuseof auxiliary storage.
For quadraticmatrices the auxiliary storageis 2=3m? in thecase 6 0, otherwise5=3m? because
the matrix C hasto be stored.In the last case the amountof storagecould further be reduced([3]) at
the expenseof extra arithmeticoperationsanda morecomplex implementationlt is not furthercovered
here.
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Theperformancef DGEMMM/depictedn Figure7. To gainfurtherperformanceD GEMMM/combined
with the cache-optimisedssemblecodeof K. Goto([6]). Seetheresultsin Figure8.

Parallel General Matrix Multiplication

In this chaptera concepffor parallelmatrix-matrixmultiplicationis discussed.

Array Layouts

Parallelalgorithmsrequirethat the global datais distributedacrossthe processegrior to computation.
The layout of the datais critical for the performanceof parallel code.Thereare two main issuesto
considelin choosinga datalayoutfor matrix-matrixcomputationsOn the onehand theloadbalanceds
important.Thatmeanghework shouldbe evenly distributedamongthe processethusreducingtheidle
waiting time of the processorsOn the otherhand,the amountof communicatioraffectsthe ef ciency
of thealgorithm.Sincethe distribution shouldallow anapplicationof BLAS routinesatthe lowestlevel,
communicationarisesthroughoutthe parallel computationsand especiallyprior to the call of BLAS
routines A minimal amountof messag@assinghroughouthealgorithmis the secondmainobjective.

Blodk Cyclic Data Distribution

Theblock cyclic datadistribution providesa simpleand e xible way of distributing a block-partitioned
matrix on distributed memorymachineslt is the recommendedlistribution schemefor densematrix

operationswith the PBLAS ([8]). The p processesreorderedin a 2-dimensionatectangulap,  pc

gridwith p= p, pc. Thematricesarepartitionedinto equalblocksof blocksizeM B K B beaginning

from the upperleft. If the dimensionscan not be divided by the blocksize,the rightmostcolumn or

the lowestrow might consistof fragmentaryblocks. Afterwards,the blocksare distributed on the grid,

startingagainfrom the upperleft.

Figure6 shavs anexampleof a block cyclic datadistribution on a rectangulagrid of 2 3 processes.
The processearenumberedrom 0 to 5. All blockslabeledwith the samenumberbelongto the same
process.

In general this distribution allows an reasonabldéoad balancefor a greatvariety of problems.e.g.for
the LU-decompositiongspeciallyif M B p, < m. Neverthelessherearedistributionswith betterload

Moreover, block cyclic datadistribution is very e xible. It canreproducemostdatadistributionsthatare
usedin linearalgebracomputationgik e the columnblock distribution or the columncyclic distribution.

0 1

0j1|{2|0|1,2
3|/4/5|3|4]|5
EO 11201 ZE
@314[5[3[4]5
0/|1(2|0|1]2

Figure6: Block cyclic datadistribution

OtherArray Layouts

AnotherapproacHor improving bothloadbalanceandlocality is theuseof quadtreeg$Mortonordering
or spacelling cures (Hilbert ordering. Accordingto [2] recursve array layoutsoutperformtradi-
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tional layoutsfor the standardalgorithm.For Strassers andWinograds algorithmthey offer only little
improvement.

Parallel Algorithms

Therearetwo possibilitiesto take adwvantageof the reducedcompleity that Strassers or Winograds
algorithmprovide: The seriallevel andthe parallellevel.

ApplyingWinograd in the Serial Level

A serialversionof Winogradcansubstitutehe DGEMMbove thecrosseer point. Becausall of thedata
is locally available thelargernumberof memoryaccessesanbecompensatefbr by clever organisation.
ThusWinograds algorithmoutperformeDGEMMndStrassers algorithm,asit offersthelowestnumber
of operationsAdaptingthe crosseer pointoptimally will speedup eachserialcomputatiorandthereby
accelerateéhe parallelmatrix multiplication.

Note, thatthe matricespassedrom the parallelalgorithmto the sequentiaWinogradshouldbe nearly
guadraticlf oneof thedimensionss very smallcomparedo theothers the Winogradalgorithmwill do
only few iterationsor in theworstcasenoiterationsatall. In this casethealgorithmis sloveddown.

ApplyingWinograd in the Parallel Level

Strassers or Winograds algorithmcanalsobe appliedin the parallelcase Unfortunately theincrease
in memoryaccessesanin generahotbe neggletedasin the serialcase Accordingto [2] thealgorithmic
locality of referenceis muchworsein caseof Strassers and Winograds algorithmsthanin caseof
the standardalgorithm. Thusthe bene ts of the reducedcompleity areoffset by the larger numberof
memoryaccessesyhich increaseshe amountof messaggassinglt is dependenbn the architecture,
morepreciselyontheratio of communicationateny to local memorylateng, whetherthereis a speed-
up or aslow-down comparedo applyingthe classicablockingalgorithmin the parallelpart.

S. Chatterjeeet. al. ([2]) obsered,thatthereis indeedno advantageof Winograds algorithmcompared
to Strassers algorithm,asWinograds lossof algorithmiclocality compensatefr its advantageof lower

compleity. FurthermoreStrassers algorithmshavs abetterpossibilityto parallelizethecode.Compare
Figure4 to Figure5: In caseof a Winograds variant,the pre-andpost-additionsreserialleadingto a

limited possibility of parallelisatiorassomeprocessesave to wait for others nishing their additions.
In caseof Strassers algorithm,all pre- and post-additionscould be executedsimultaneouslyHence,
Strassers algorithmis preferabldn the parallelcase.

However, thechoicebetweerStrassers algorithmandtheclassicablgorithmalsodepend®nsomeother
factors.A parallelStrassers algorithmhasa high dependenc on the numberof processesRemember
that the numberof generatednultiplicationsis a power of 7, so the load balanceis quite dif cult to
handle.Moreover, the arraylayoutplaysanimportantrole. A generalarraylayoutlike the block cyclic
distribution generates poorlocality of the dataneededn the pre-additionsandpost-additionsleading
to alossof speedhroughadditionaltraf c.

As the performanceof a parallelStrassers algorithmis not predictablein generalthe rst choiceis to
combinea parallelclassicaklgorithmwith a serialWinograds algorithm.
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Hybrid Algorithm

In thefollowing, a hybrid algorithmbasedon serialWinogradcombinedwith a classicalparallelalgo-
rithm is exposed.

The rst attemptis to connectthe widely spread®BLAS routine PDGEMMith a serialWinograd.Un-
fortunately this conceptdoesnot succeedAs mentionedabove, the serial Winogradrequiresnearly
guadratiomatricesfor a speed-upln contrastPDGEMMorkswith a block cyclic distribution where,in
thelowestparallellevel, eachprocesgetsseveralsmallmatrix multiplicationswith by far notquadratic
dimensionsbecaus®DGEMMhainly partitionsthecolumn-dimensionf A andtherow-dimensiorof B.
This dimensionis cutdown to the blocksize Sincetheresultingsizeis usuallysmallerthanmindim the
sequentiaWinogradalgorithmwill immediatelycall the DGEMNbutine,just generatingorganisational
overhead.

For example, DGEMMWas combinedwith PDGEMNrom ScalLARACK (sincethe codeis open).A
matrix multiplication of quadraticmatriceswith m = 4000on agrid of 1 2 processesreatedon
eachproces40 callsto theserialWinogradcontainingmatrix multiplicationswith thedimensionsn =

200Q k = 100 n = 4000 Thereforejts run-timeof 30 sec.comparedo 14 sec.of the corventional
PDGEMNS no surprise.

To embeda sequentiaWinogradeffectively into a parallelroutine,eachprocessshouldcomputeonly
onebig andnearlyquadratianatrix multiplication.Besidestheparallelroutinehasto ful | thefollowing
conditions:

Datadistribution shouldbe compatibleto the otherroutinesworking onthatdata
Overall communicatiorshouldbe minimal

Overallamountof memoryshouldbe minimal

C. Douglaset. al ([1]) offer a possiblecombinationof a parallelalgorithmperformingO (m?3) with a
serialWinograd.The parallelalgorithmis basedon a partitioningaccordingto the prime factorsof the
numberof processesAssumingthe numberof processe$o have someprime factors,this partitioning
hasthefollowing advantages:

Very goodloadbalance
Bestconditionfor applyinga Winogradalgorithm(1 nearlyquadratianultiplication)

Low memorydemand

Thedisadwantagesrethe additionalcommunicatiorcomparedo PDGEMMndthe uncomventionaldis-
tribution of the matrices Prior to andafterthe computationa corversionto a commondatadistribution
like theblock cyclic will benecessary

In [1] this hybrid algorithmshaws betterresultsthana classicabparallelimplementation.

By the way, this algorithm provides a startingpoint for a combinationof OpenMPwith MPI, sincea
groupof processesollaborate®n eachpartof the matrices.

Tuningthe ExistingAlgorithm

As analternatve to introducingnew algorithms,the existing PBLAS routine PDGEMMould be modi-
ed. Thisapproactinvolvesthe advantageof working with a compatibledatadistribution (block cyclic
distribution).
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As explainedabore, the efforts of combiningPDGEMMith a serialWinograds algorithmfailed dueto
theunbalancegbartitioningof PDGEMMN anothemttemptthe callto DGEMNESSL)in thelower level
is linkedto the GOTO assemblecode.Accordingto Figure8 the assemblecodeoutperformsDGEMM
In the parallelcase thereis alsoa gainin performancgFigurel0).

PerformanceResults

For performanceanalysighetimeis measuredisingthe FORTRAN 95 intrinsic subroutineCPU_TIME
The matricesare assumedis quadratic.The gures shav the time of computationplotted againstthe
dimensionm of thematrices.
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Figure7: Comparisorof DGEMM andDGEMMW

Figure 7 shavs the run durationof the level 3 BLAS DGEMNaken from the ESSLin comparisonto
DGEMMMW(s crosseer point, mindim = 800is chosenDGEMMW®WtperformsDGEMMbaove a dimen-
sionof 320Q whereat least3 levels of Winograds algorithmarecarriedout. Thetwo peaksn theupper
curve aredueto the known performanceéreakdavn of DGEMMssoonasthe dimensionsapproximate
powersof 2. In contrast DGEMM®aws no striking breakdevn atthesepoints,asthedimensiongpassed
to DGEMMt the crosseer point arealwaysaround512 independentf the actualexponentof 2. Since
DGEMIMetsonwith thatsmalldimensionthe high peakis nottransferedo DGEMMW

In Figure 8, the middle curve describeghe runtime of the assemblecode GOTO. Thereis alsono
signi cant performancebreakdavn at certaindimensionsThe lowestcurve shavs the performanceof
combiningthe serial Winogradwith the assemblecode.Comparedo DGEMMESSL,thereis a speed-
up of up to 20% at dimensionsaround450Q As the asymptoticcompleity of Winogradis lower, this
percentagevill generallyrisewith thedimension.
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Figure9: PDGEMM PESSLfor differentblocksizes
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Becausef theblockcyclic distribution, theperformancef PDGEMMBlepend®ntheblocksize Soat rst

onehasto choosea suitableblocksize Figure9 illustratesthe performanceof PDGEMI PESSLfor 3
differentblocksizesThe curvesoscillatearoundeachother sincetheloadbalancechangegeriodically
Increasingthe matrix sizewith a x edblocksizecauseghe block-g/clic datadistribution to vary from
the bestcaseto the worst case whereonly onerow of processegetsa full additionalrow of blocks.
Thereby thereis an optimal blocksizefor eachmatrix dimension(the lowestcurwe). In contrast,f the
matrix dimensiongo dealwith arenot given in adwvance,it doesnot make a seriousdifferencewhich
blocksizeis chosensinceon averageall 3 plotsshav the samebehaiour. In this casetheblocksizecan
be chosersuitablefor otherroutinesworking with the distribution.
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Figure10: PDGEMM PESSLwith GOTO

Figure 10 illustratesthe connectiorbetweenthe existing routine PDGEMNPESSL)andthe assembler
code.As expected GOTO acceleratethe computatiorby a certainrate.

Conclusionand Outlook

Alternative algorithmscanbring a certainspeed-upn matrix-matrixmultiplication,especiallyconsider
ing problemswith greatcompleity. However, the applicationof alternatve algorithmsis not generally
preferableasthey alsobring disadwantages.

Applying cacheoptimisationtechniquesn algorithmsallows further speed-uplt is a surprisingresult
thata publicdomainassemblecodecanevenoutperformthe optimisediBM code.

The next stepwould be animplementatiorof the hybrid algorithmdescribedabore. It is expectedto be
acompetitve alternatve to PDGEMM

An applicationof Strassers algorithmin the parallellevel is alsopossible but theimplementatiorwould
be quitedif cult andthe outcomeunpredictable.
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Visualisierungron MHD-Datenmit Virtual-Reality-Technilen
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Zusammenfassung:

Ziel der Arbeit war die Erweiterungeinesbestehende®penGLProgrammsur Visualisie-
rungvon Magneto-Hydro-Dynamischérorgangerim ErdinnerenRealisiertwurdeneine e xi-
blelsolinien-Darstellungowie die Visualisierungronlso &chen,welchemittelsdesMarching-
Cube-Algorithmuggevonnenwerden.Zur interaktiven 3D-SteuerungvurdedasTrackingsys-
tem3SpacE’) FastrakR®) von Polhemusn dasProgrammintegriert. FernernwurdeeineStereo-
Darstellungder Anzeigedurchdie Verwendungvon zwei Frameliffern implementiert.Somit
wurdeerreicht,dassdasVisualisierungsprogramiauchin Virtual-Reality-Systemenum Ein-
satzkommenkann.

Einf hrung

DasProgrammbeziehtseineEingabedateauseinerBinarDatei,welchedurchComputersimulatioimm
Zentralinstitutfir AngevandteMathematik(ZAM), Forschungszentrurddlich, gevonnenwurde. Die
Grundlagender Magneto-Hydro-Dynamilbauendaraufauf, dassschnellstromendeheiRe Gaseund
FlussiglkeitenunterEin uss einesduRererMagnetfeldegineSpannungnduzierenDurchKornvektions-
strémeaufgrundder Erdrotationund Gravitation entstehtdasErdmagnetfeldgdennein stromdurch os-
senerLeiter erzeugtnachder 'Rechten-Hand-Rgel' ein Magnetfeld.Die SimulationdesErdmagnet-
feldesberuhtauf den Gleichungerder MHD, welcheim Ubrigenein ZusammenspiedusElektro-und
Hydro-Dynamiksind.Die Simulationgeschatin einerZeitskalavon ca.1 Million Jahrenungefahi2000
Zeit-Schrittezu je 500 Jahren)ygl. [1]. In der Dateiist nebendemMagnetfeldund der Strémungauch
nochdie Temperatuder ErdegespeichertDabeiist dasGitter relati klein, je nachDatentypungefahr
15 15 15Werte.

Abbildung 1 vermittelteinenerstenEindruck,wie dasProgramndie MHD-Datendarstellt.Die Grund-
funktionender Software warenschonvor Beginn dieserArbeit voll implementiert.DasrechteBild in

Abbildung1 zeigtdie VerwendunglerOption'contouring', mit derlsolinieneingezeichnetverden Da-
beiist zumZeitpunktder AufnahmeschonderWertfir die zweite(weil3e)Linie frei wahlbar Zusatzlich
zur Erzeugungder Isolinien wurde dasVisualisierungsprogram um die Mdglichkeit der Darstellung
von Iso &chenerweitert.Dies wird im AbschnittVisualisierungvon Iso &chen nahererklart. Danach
kommenErlauterungerzumverwendeterackingsystemEswird daraufeingggangenwasbeimEin-

satzsolcherHardwarebeachtetverdenmuss.Da die SoftwaredasBild stereos&pischdarstellersollte,
musstemoch zusatzlicheinige OpenGLBefehleeingebautwverden . Welchegenaudaswarenund wie

sie funktionierenwird im AbsatzOpenGLFeinheiterbeschriebenDen Abschlusshildet ein Ausblick
Ubernochweiteredenkbaraind gewiinschteg=unktionen.



Abbildung1: Links Temperatuder Erde,rechtsdanebemit aktiviertemContourPlot

Visualisierungvon Iso échen

Esgibt mehrereArten, wie sichlso dchen nden unddarstelledassenDenkbarist zum Beispiel,dass
die Funktion,die esdarzustellergilt, explizit gegebenist. Diesist in unserenfall nicht so, wesween
die DatennachsolchenFlachererstdurchsuchtverdenmuiissenEin Algorithmus,derdieserledigtund
mit demmandie gefundend-lacheauchgleich darstellenkann,ist der Marching-Cube-Algorithmus
Der Algorithmusermdglichtes,ausskalarenvolumen-DaterflachengleichenWertes,alsolso achen,
zu erzeugenHierbeiwird ein Dreiecksnetzrzeugtwelchesdie gesuchtdso ache approximiert.An-
schaulichkannmansichdasVorgehensovorstellen:

NehmeeinenWirfel undsetzethn andenAnfangdesVolumendatensatzes

ImmerdannwennderDaten-VWrtaneinerderEckendesWirfelstiberundaneineranderericke
unterdem gesuchterSchwellenwerliegt, schneidetie gesuchtdso ache die Kante zwischen
diesenEcken.In diesemFall wird auf der Kanteein EckpunkteinesDreiecksgelegt.

Uberpriifediesfiir alle EckendesWiirfels

SetzedenWdrfel im Volumen-DatensatzinePositionweiterundwanderesodurchdenDatensatz

Esgibt eineganzeMengeanFeinheiterzudemAlgorithmus.Esgibt zumBeispiel28 = 256Mdglichkei-
ten,wie derWurfel geschnittenwerdenkann.DarausergebensichnachLorensorund Cline [2] abermnur
funfzehnnichtreduzierbar€&alle. Aus dieserkannmandurchRotation,Spiggelungund Komplementér
Bildung alle anderererzeugenAls Beispiel Uberlge mansich, dasseskeinenUnterschiednacht,ob
alle achtEckpunkteunterdemgesuchterschwellenwerbderdariibediegen,in beidenFallenwird keine
Kantegeschnittendiesentsprichtall 1 in Abbildung?2.

ProgrammiertechnisciverdendieseFalle und die darausresultierenderschnittpunktein einerso ge-
nannterLookup-TabellegespeichertDie Tabelleenthéaltsamtlicheresultierendeischnittpunktetr alle
256 Falle. WelcherFall vorliegt hangtvon demVemleich der achtEckpunktemit dem Schwellenwert
ah

Dadie MHD-Daten,die zur Verfiigungstandensehrgrobgerastertvaren(vergleicheEinfiihrung) wur-
delinearinterpoliert,um die Werte an den Eckpunktenzu bestimmenDie Interpolationwird nochan
weiterenStellenim Visualisierungsprogrammerwendet.So sind auchdie Farbverlaufebei der Dar
stellungskalaremDaten,z.B. der Temperatyrder Interpolationzu verdanlen. Der Marching-CubeAlgo-
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Abbildung2: Die fiinfzehnFallevon Lorensorund Cline

rithmuskannim Prinzip beliebiggenaudie Ober &che nden und darstellenDie Zeit fur die Berech-
nungderlso achenhéangtstarkvon dergenviinschterGenauigkit und damitvon der Rate,mit welcher
derVolumendatensatm Marching-CubeAlgorithmusabgetastewvird, abh EswurdenUntersuchungen
durchgefuihrtbei welcherAu 6sung undderdamitverbundenerSchleifen-lterationshl im Programm
ein guterMittelwert zwischenPerformanceaind Optik liegt. Abbildung 3 zeigt, wie viele Dreiecle pro
Anzahlder Schleifendurchlaufgefundernwurden.Die Schleifendurchlaufsind hierbeidirekt kubisch
proportionalzur Dimensionsau 6sungdabeibedeutetineDimensionsau dsungonz.B. 10,dasgede
Raumrichtungnit zehnTeilschrittendurchwandertwird. DasLaufzeitverhaltenwird immer schlechter
je hhermandie Au 6sung wahlt. Die Laufzeitwéachstpraktischlinear mit der Anzahl der Schleifen-
durchlaufean.Ab einerAu 6sung von 20 wurdedasProgrammmerklichlangsamer

Damit dasim Marching-CubeAlgorithmus erzeugteDreiecksnetan OpenGLunterBertcksichtigung
von Beleuchtunggezeichnetwverdenkann, missendie Ober &chennormalemes Netzesan den Eck-
punktender Dreiecle vorliegen. Diesist nétig, dain die Berechnungler Beleuchtungsédkte der Ein-
fallswinkel von Lichtstrahleraufderbeleuchtete®ber acheein iefl3t. OpenGLfunktioniertprozedural,
d.h. esbenutzteinenMechanismusgenmansich als 'processingpipeline' vorstellenkann(siehe[3]).
SchicktmaneinmaleineFarbein die Pipe,zumBeispielRot mit:

glColor3f(1.0, 0.0, 0.0);

sowerderalleweiterenPunkte Linien undPolygonein rot gezeichnethisdiesdurcheinerneutesSetzen
derFarbewiedergeandertvird. Genausoist esauchmit demBefehl,derdie Normalesetzt:

gINormal3f(x, Y, 2)
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Plot1: Leistungsfaehigkeit des Marchingcube Algorithmuses
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Abbildung3: Ef zienz desMarching-CubeAlgorithmusesn Abhangiglkit derDimensionsau 6sung

Bei denOber achen,die bishergezeichnetvurden,lag bzgl. der Ober achennormalemin Spezialéll
vor. Es handeltesich um die Ober &cheder EinheitskugelGlobus), fir die die Ober &chennormalen
geradgyleichdenPunktloordinatersind. Daherwar esbisherausreichendjie Normalein Richtungdes
zu zeichnendePunkteszu setzen:

gINormal3f(x, y, 2);
glVertex3f(x, Y, 2);

Dies erzeugt eine korrekt beleuchtete Kugelober &che, da der Ursprung des OpenGL-
Koordinatensystemsn Mittelpunkt der Kugel liegt. Fur die Iso achen ist dies aber nicht korrekt,

da dieseFlacheneine beliebigeAusrichtungim Raum haben.Dies verdeutlichtAbbildung 4. Diese

Bildserie zeigt die Iso ache zuerstmit Punktenals Normalen,dannmit den Normalender tatsachli-
chenMarching-CubeDreiecle und schlieRlichmit gemitteltenNormalenunter Berticksichtigungder

NachbaiDreiecle. Da alle Darstellungsarteihre Vor- und Nachteilehaben kannmanim Programm
dieseAnzeige-ArtverandernDer Algorithmuszum Mitteln der Normalenist zum Beispiellangsamer
als die andererbeiden,erzeugtaberoptischeine glatte Ober &che.Wahlt mandie direktenDreiecks-
Normalenals Eckpunktnormalenso ergibt sich zwar eine schnelleBerechnungdie Ober ache sieht

abernicht mehrglattaus.

Da der Marching-CubeAlgorithmusdie Dreiecle, beziehungsweisdie Eckpunkteder Dreiecle nicht
sortiertausgibt,mussteman,um die Normalenzu glatten,ersteinmal gleiche Eckpunkte nden. Erst
dannkannmandie Normalenmiteinandewerrechnenln einemerstenAnsatzbrauchtedie Suchenach
dengleichenEckpunktenquadratisché.aufzeit, da jeder Eckpunktmit jedemverglichenwurde.Dies
konntejedochdrastiscloptimiertwerdendadurch dasserstenglie innereSchleifenicht mehrvon Null
bis zum Endegeht,sondermur nochvom aktuellenWert der auRererschleifebis zum Endeund zwei-
tensnur noch dort nach passenderzckpunktengesuchtwurde, wo der Marching-CubeAlgorithmus
auchwelchegefunderhat. Abbildung 5 zeigt, wie drastischdiesdie Anzahlvon Schleifendurchlaufen
reduzierthat.
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Abbildung 4: Bilder-Serie: DasersteBild zeigtdie Iso &che, bei der die Normalengleich den Punkt-
koordinatergesetzivurden,rechtsdanebemwurdefir jedesim Marching-CubeAlgorithmusgefundene
Dreieckdie Normaleberechnetund im letztenBild wurde diesedannnochmit denNachbarnormalen
gemittelt.

Trackingsystem

Um einevirtuelle Welt zu schafen, ist essehrwichtig, dassder Benutzersichin dieseWelt integriert

fuhlt. Um dieszu ermdglichemrmussdie Softwaredie Bilder, die sieausgibtdenBewegungerund Tatig-

keitendesBenutzersanpasserDiesbedeutezum Beispiel,dassein ObjektgroRerwird, wennmanauf

eszugeht.Ein weitererwichtigerTeil ist die KontrolleGiberdie GegenstandéerVirtual-Reality sodass
hier Bawegungennicht nur zweidimensionalvie mit einerherkommlicherMaus, sonderndreidimen-
sionalinterpretiertwerdenmuissenBeide Aufgabenwerdendurchsogenanntérackingsystemeeldst,
welchedie Positionunddie AusrichtungvonamTrackingsystenangeschlossen&ensoremessetkon-

nen.Hier kamdasTrackingsysten3Spac&?) Fastrak?) von PolhemuszumEinsatz Diesesbestehaus
mehrererKomponenterglie im folgenderkurz vorgestelltwerden,um die Funktionsweis@esSystems
zuverdeutlichenDer Artikel beschrénksich dabeiauf die englischerOriginal-Namen.

System<ElectronicUnit (SEU)
Transmitter

mehrereRecever (Sensoren)z.B. der 3D-EingabestiftStylus sowie der Sensorfir das Kopf-
tracking
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Plot2: Gegenueberstellung der Schleifendurchlaeufe
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Abbildung5: Laufzeit-\erbesserunderNormalen-GlattunglesMarching-CubeAlgorithmus

Die SEU ist dasHerzstiickdesSystemssie fuihrt die zur PositionsbestimmungétigenBerechnungen
durchundgibt dieseandenPCweiter Im hier vorliegendenAufbauwird dazudie serielleSchnittstelle
(RS-232)verwendet.An die SEU wird der so genannteTransmitterangeschlosserDiesergeneriert
niedrigfrequenteNahfeld-Magnetfeldeund zwar mittels drei stationdrerAntennen.DiesesFeld wird
von denRecevern gemessembermalanit drei Antennen Dieseubermittelnihre Datenzuriickandie
SEU,welchedie DatendannverarbeitetDasGeratarbeitetauf einerTragerfrequenzon 12019Hz und
schaft 120updates/Sekunde/Reoei

Beim AnschlusdesGeratesaneinLinux-Systenmul3beachtetverden dasgie Rechtdiir denseriellen
Port (oft auchals COM-Portbezeichnetfir den Benutzernicht eingeschranksind. Dies kann Gber
folgenderBefehl,dervom SuperUserausgefuhriverdenmuss.erreichtwerden:

chmod +rw,0 /dev/ttySO

Dabeiist /dev/ttySO der ersteseriellePort. Der Befehl bewirkt, dasssamtlicheNutzerauf denPortle-
senund schreiberdiirfen. Es hat sich spaterherausgestellt,dassdies eigentlichnur fir einenTestder
Kommunikationnétig zu seinscheint.Um denTracker zu testen kannmaneinfachein 'P' andasGe-
ratschiclen.'P' ist hierbeider Befehl,derdasTrackingsystenanweist,die aktuellenSensorparameter
Uberdie serielleSchnittstellezu schiclen. Als Antwort erhaltmandie Koordinatender Recever. Zum
Beispiel:

cat /dev/ttySO &

echo "P" > /dev/ttySO

01 10.40 0.97 2456 155.05 -65.23-127.12
02 9.88 1.71 -3.20 -12.90 54.99-115.75
03 290 -3.14 20.31-165.65 -1.36 80.34

Der Ausgab&annentnommenverdendassdrei Recever angeschlossesind.Die Einheitender Trans-
lationswertesind standardmaRidgnches,dies lasstsich aberauf Zentimeterandern.Es gibt auchdie
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Maoglichkeit, ungevollte Werteauszublenderbzw. Recever zu deaktvieren.Im diesemBeispielhatje-
der Recever seinex-, y- und z-Koordinategesendeso wie den Azimuth-, Neigungs-und Rollwinkel
jeweilsin Grad.

Bei derInterpretatiordervom Polhemus-&strakTracler geliefertenWertemussbeachtetverden dass
dasSystemdie Positionnur eindeutigin einerHalbkugelum denTransmittetherumbestimmerkann.
Beim VerlassemundwiederEintretenin dieseHemisphar&kommteszu Wert-SpringenDahermussdie
Hemisphareso eingestellwerden,dassder Benutzersie wahrendder Arbeit mit dem Tracking-System
typischerweisanicht verlaRt. Auf den Transmitterist ein Koordinatensystergedruckt,welchesdabei
hilft, die Hemisphareuwahlen.Mit demBefehl:

echo "H3, 1.0, 0.0, 0.0" > /dev/ttySO

setztmandie Hemisphardir dendritten Recever in Richtungder X-Achse,so dasseskeine Spriinge
gibt, solangemanim Positvenbzw. Negativen X bleibt. Esgibt auchnochdie Einschrankungdassnur
anRecever-Port1 derButtondes3D-Eingabestifte Stylusfunktioniert.Weiteresst [6] zu entnehmen.

OpenGL Feinheiten

Wie schonim Abschnittiiberdie Visualisierungvon Iso &chenangedeuteiist OpenGLkeinebeschrei-
bende sonderreine prozeduraléArchitektur Dies hat zur Folge, dassbei der Umsetzungvon Transla-

tionen,Rotationenusw genauaufdie Reihenfolgegeachtetverdenmuss. Ausser3D-Transformationen
gehtin die Darstellungeiner Szeneaucheine Projektionein. In diesemAbschnittsoll geklartwerden,

welcheArt derPerspektie fur ein Virtual-RealitySystenzuwahlenist undwie danndasBild zu Stande
kommt.

In OpenGLgibt esdrei Darstellungsmodidie festlegen,wie eineberechnet&zeneauf demBildschirm
angezeigtvird. Diesesind:

gluPerspective (O , glFrustum(), glOrtho().

gluP erspective() undglF rustum() entsprecheminseremormalenWahrnehmungind erzeugereine
perspekiiischeProjektion,d.h. Objekte,die weiter hintensind, werdenkleiner gezeichnetgl Or tho()

hingegen realisiert eine Orthogonal-Projektiondie die Welt ohne Flucht-Punktzeigt. Diese wird

zum Beispiel in der Architektur verwendet,da sie GroR3emerhéltnissenicht zerstort. Im Gegen-
satz zu gluP erspective() kann man mit glFrustum() sein Blickfeld frei bestimmen.Wahrend
gluP erspective() immer frontal auf die Szeneschautund von einer symmetrischerSichtgyramide
ausgehtkannmit glF rustum () einebeliebigeSichtg/ramidede niert werden,in welchedie aktuel-
le Tracler-Positionein ief3t. Ein einfachesBeispielkannin [4] auf Seite 124 gefundenwerden.Der
aktuelleAufruf, berechnemit demStrahlen-Satz

MYNEAR _ K antelink s

= . 1
trak_pos z  screenboderleft trak pos x’ @)

siehtdannsoaus:

ratio = MYNEAR/trak_pos_ z; /Inach  Strahlen-Satz

glFrustum(ratio *( scre enborderl eft - trak pos_x), /IKante links
ratio*(screenbor derr ig ht - trak_pos_x), //IKante  rechts
ratio*(screenbor derb ot tom - trak _pos_y), /[Kante  unten
ratio*(screenbor dert op -trak_pos_y), //[Kante  oben
MYNEAR, MYFAR); /cliping-plan es
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Screenborders

| \
> Die gesuchten Punkte '

Abbildung6: Skizzezur ErklarungdesglFrustum()-Befehls

Damit hatmandasSichtfeld,abernochist dasBild nicht stereosk&pisch.Um dasBild stereos&pisch
darzustellenstanderschoneinige Mdglichkeiten zur Verfiigung allerdingswurde dasTrackingsystem
nochnicht berucksichtigtDie verschiedeneAnzeigemodsindim Programnwie folgt de niert:

typedef enum { MONO, STEREO_ACTIVE, STEREO_LEFTRI®GIT } tStereoMode;

WahrendSTEREO LE FTRIGHT fir ein Uberbreited-ensterauf zwei Monitorengedachtist und
aufbeidendasBild zeichnetfunktionietSTEREO_ACTI VE durchdasVerwendervonzweiFrame-
buffern. Der Frameloffer enthaltin OpenGLdie fertige Szenejst alsodasEndeder processingipeline
undenthaltdie Daten,die andenMonitor geschickiwerden BesitztmaneineGra kkarte, die einenso
genannterQuad-Bufer Stereo-Modusinterstiitztsostehergetrenntd-ramelffer flir daslinke unddas
rechteAuge zur Verfiigung DasAnsprecherdieserzwei Framelffer geschiehschematisclso:

glTranslatef(li nkes Auge); [//Setze die Kamera fur das linke Auge

glDrawBuffer(GL ~_BACK _LEFT); //In den linken Framebuffer  schreiben
drawScene();

glTranslatef(re chte s_Auge) ; [//Setzt die Kamera fur das rechte Auge
glDrawBuffer(GL ~_BACK_RIGHT); //Ab hier in den Rechten

drawScene();

Um die KameraunterBerucksichtigungler Positionender zwei AugendesBetrachtersichtig zu setz-
ten,wurdewiederauf die Tracker-Datenzurtickggriffen. Eswurdediesmalabernicht nur die Position
bertcksichtigtsondernauchdie Rotation(Neigung)desSensorsDieseRotationenliefert der Tracker
in Form von QuaternionenEine Quaternionkannin die entsprechendRotationsmatrixumgerechnet
werden([6], Seite163). DieseRotationsmatrixwird mit dem Vektor welcherdie Positiondeslinken
bzw. rechterAugesrelativ zum Trackingsensoangibt,multipliziert:
0 1 0, 5 5 1 0 _ 1
eye X Gto % G 2(h® GEk) 2wkt ) eyeshif tx
@eyey A=Q@ 2qm+auk) & F+6 & 20k ok A ©@eyeshifty A
eye_z 20m® W) 20t p®) G F G+ G eyeshif tz
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Abbildung 7: Links die gra sche BenutzerSchnittstellemit denneuenAuswahlmdglichleiten. Auf der
rechtenSeitedasdazuentsprechendBild, mit eingeschaltetersphereslicing'.

Danachmussmannurnoch
glTranslatef(e ye X, eyey, eye z);

ausfuhrerundfir die eyeshif ts einmaldie Wertefiirs linke undeinmalfurs rechteAugeeinsetzen.

Ausblick

Als erstesist anzumerkn, dassein Visualisierungsprogmm wie dashier beschriebengvohl immer
~work in progress“seinwird, und dassesimmer etwas gibt, wasnochfehlt. Im Folgendenwird kurz
eineListe von Funktionengenanntdie esbeispielsweis@ochzuimplementieremibt:

Anzeigemehrereidso achenvon unterschiedlichefreldern
AnzeigemehrereNektorDaten

VereinheitlichtesdDaten-Einlesenso dassin Zukunft auchandereDaten beriicksichtigtwerden
kdnnen

Beschleunigungler Softwareim Allgemeinenund héhereStabilitatim Zusammenhangit dem
Trackingsystem

DasVisualisierenvonzweilso &chenwurdeim RahmerdieserArbeit bereitsimplementiertjedochmit
derEinschrankunggassdiesbei eingeschaltetadormalen-Glattungpichtrichtig funktioniert. Die zwei
Flachersindin Abbildung7 dokumentiertsowie die von mir neuimplementierterWahlmaéglichleiten.
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Abstract:

Clustermethodsareusedin Monte Carlo simulationsto decreas¢he autocorrelatiortime,
i.e.theintenal betweerstatisticallyindependenton gurations whichbecomesrucialcloseto
critical pointsandphaseransitions Theaim of thiswork is to build thebasisfor aMonte Carlo
clusteralgorithm for continuoustwo dimensionalspin systems.First the Kornyshev-Leikin
model potentialis introducedwhich is appliedto Monte Carlo simulationsof DNA systems.
Afterwardsa purely geometricatechniquefor searchingclustersis described Furthermoreit
is extendedto an enegetic clustercriterion, which is the basisin Monte Carlo clustermeth-
ods. The scalingof the implementatioris measuredcind analyzed Finally it is usedto study
geometricclustersasafunction of differentDNA characteristicsg.g.the chage compensation
parameter .

Kornyshev-Leikin Pair Potential for Rigid Helical Molecules

It is well known that DNA forms closepacled aggr@atesof variousstructurese.g.in humanchromo-
somesor viruses . Experimentallyit wasobsered thatshortfragmentform columnaraggrgateswhich
aresuitableto studyinteractionsg.g.like chage attractionsbetweermmoleculesandglobal structures.

At rst glanceawholeDNA is fartoocomple to describéts interactionwith othermoleculesn aclosed
analyticalframevork. However, A. A. Kornysher andS. Leikin [1] describedDNA moleculesaslong

cylinders,carryinghelical, continuoudine chageson their surface taking advantageof the symmetries
in helicalmoleculesThusit waspossibleto derive an exactformalismwhich canbe usedto calculate
interactionsbetweentwo strandechelical moleculedike the DNA. Thetheoryin [1] is formulatedin a

rathergeneralway, sothe potentialthatis nally usedfor the simulationhadto be derved andadapted
to theactualapplication.Thewholeinteractionenegy is obtainedby asumof threedifferentterms.The

rst one,labeledaswy, correspondso theinteractionbetweertwo homogeneouslghagedcylinders.

Wself IS a“self correlation”enegy, whichis dueto correlatedliscretesurfacechagedistributionsoneach
molecule. Ultimately w¢rossiS a “crosscorrelation”enegy, which is causedy nonrandomalignmentof

discretechageson the opposingmoleculesThe following formulaedescribeanenegy density where
theenegy is normalizedo the persistencéengthL , [2].
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Figurel: Simpleschemeof importantstructuralvaluesfor two interactingDNA doublestrands.

Theparameterappearingn egs.1-5arebrie y explained[5]:

Firsttherearethe structuralparametersf the phosphatgattern(see g. 1, takenfrom [4]): the helical
pitch H, theazimuthalhalf-width of the minor groove ~5 andthe hard-coreradiusa. Furthermoresach
DNA duple carriesthe negative chage of phosphatewiith surfacechage density o plusacompensat-
ing positive chage arisingfrom adsorbeaounterions. The degreeof compensatioiis describedby the
parameter , where0O 1. In eqgn.2 thetermwg, vanishesf = 1. The mobile counterionsin
solutioncausean exponentialdecayof the Coulombinteractionof the two helicesfor large separations.
This exponentialdecayis parameterizedby the inverseDebyescreeningength . The solutionis also
consideredy its dielectricconstant . Actually the dielectricconstantandthe Debyescreenindength
arebothtemperaturelependenand is alsoafunctionof . Althoughthisis nottakeninto accounthere

[3].

Thesimulationswerecarriedout consideringB-DNA structure The properparametersveretakenfrom
[4] andarecollectedin tablel.
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L[A] a[A] HI[A] ~s= [rad] o[ Clcn?]
5060 90 338 0:4 16.8 80

Tablel: Structuralandchemicalparameterfor the DNA-B molecules.

Fromeqs.2 to 4 it canbe seenthatthereis atwo dimensionapotentialenegy landscapdor a pair of
DNA moleculegdependingnthedistanceof two strands = jRj andtherelative azimuthalorientation
. The latter canbe simply calculatedasthe differenceof the respectie angles ¢ and 9 of the5°!
3% strand,relative to a referencedirection. A shift in the axial direction z thereforetranslatesnto a

differentazimuthalorientation.

Dueto alackof timeit wasnotpossibleto studythe DNA aggrgateswith respecto differentscreening
lengths . Forall discussionsindmeasuremenis thisreportit is x edto = 0:1A 1. Thefollowing
picturesshouldhelpto getanimaginationof the potentialenegy andsupportthe understandingf the
expectedeffects.

u
0.2
0.15
0.1 u
0.05
reA
_005\ 25 35 40
-0.1

Figure2: a: Kornysher-Leikin potentialat = 0.4 for = f1.0;0:9;0:85;0:8g, where = 1l.0isthe
lowestplotand = 0:8 theuppermostb: Calculatedwith = 1:0. Thevaluesof the potentialenegy
areexpressedn arti cial units.

Fig. 2.a shaws four qualitative differenttypesof the interactionpotentialobtainedfor differentvalues
of . For high compensation the interactionof the two DNA strandsis purely attractve for a nearly
perpendiculamzimuthalalignmentuntil a certainequilibrium distanceof about22A is reachedThat
is very shortconsideringthe hardcoredistanceof 2  9A= 18A. As the numberof adsorbedounter
ions decreasea local maximumariseswhich separatea condense@nda crystallinestate,while the
local minimum is still belov zero and the enegy barrier getslower. For even lower valuesof the
local minimumat shortdistance®xceedszeroandthusthe bound(clustered)stateis obviously not ary

longermorepreferablghanthecrystalstate Finally thereis a certain- probablycritical - pointof chage
compensatiomvherethelocal minimumvanishesaindthe potentialgetscompletelyrepulsve.

Keepingin mind thatthepotentialenegy landscapés not 1- but 2- dimensiona(seeg. 2.b) it becomes
clearthatevenin thecaseof = 1it is notsurewhetherall the DNA strandswill gointo theequilibrium
distanceandform onebig clusterin the groundstate.The preferredorientationbetweerntwo molecules
atshortdistancess =2 (cmp. g. 2.b). A clusteringof threemoleculeswill resultin anenegetically
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frustratedcon guration andthereforethe formationof big clustersis not obvious. Also it canbe seen
from g. 2.b thatfor large distance®f two interactingstrandshe parallelorientationis favorable.Inter
estinglyevenif the systemwould be simulatedon a lattice the potentialwould thereforestill be density
dependentThis makesit clearthatthereis arich phasebehaior to beexpectedFor = 0.7, i.e.in the
repulsve regime, this wasstudiedfor the groundstatein ref. [5].
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0.36 0.05 0.36 0.05
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0.34 0.046 0.34 0.046
0.044 0.044
0.32 0.042 A 0.32 0.042 A
23 24 25 26 27 28 23 24 25 26 27 28
0.3 0.3
23 235 24 245 25 255 23 235 24 245 25 255
a b c d

Figure3: Thesepicturesillustratethe critical behaior of the Kornysher-Leikin potentialat = 0:1 and
0:86. Also it is shawvn thatit is importantto look for a local minimum with respecto r and
ab: =0864c,d: = 0:860 b andd arebothobtainedor = 0:38.

Anotherimportantfactthatresultsfrom the dependencof the orientation is visualizedin g. 3. The
two plotsb andd shav the potentialfor x edmutualorientationsThey seenmto be qualitatvely similar.
However, thisis notso,whichis provenby a andc from whereit is obviousthatfor = 0:860thereis no
potentialbarrierasseenin g. 3.d sincethetwo strandscanalwayslooseenegy by orientatingparallel
andseparatérom eachotheratthe sametime.Whereador = 0:864areallocal minimumexists. This
demonstratethatthecritical valuefor mustbein therangeof . 2 [0:86;0:864]andnotat0:85 asit
couldbeexpectedrom g. 2.a.

Simulations

All simulationswere carriedout with the program“SpinCG?? by G. Sutmann6]. As it is seenfrom
egs.1-4, the only variablesdescribingthe interactionbetweenwo DNA moleculesaretheir interaxial
distanceandtheir mutual orientation.This picture correspondso a 2-dimensionakpin systemwhere
spinshave threedegreesof freedom(position,orientation),i.e. akind of generalizeK-Y-Model.

The starting con guration of DNA strandsconsistsof a hexagonalstructurewith lattice constantd.

This distances relatedto the DNA density Afterwardsa mixture of down-hill andsimulatedannealing
algorithmis performed,.e. the temperatures decreasedby a certainamountafter each Monte Carlo
step.In so doing the systemis cooleddown from T (tyc = 1) = 100K to T(tmc = Nmc) = 30K.

Nwmc is the numberof Monte Carlo stepsperformedin a whole simulationandt y ¢ is the Monte Carlo
time. This meanghatnot only the systemis givenno time to equilibratebut in thewhole simulationthe
forming of an equilibrium stateis actuallyprevented.On the otherhandaswe aremostly interestedn

enegetically favorable statesthe cooling to very low temperaturesvill de nitely leadto groundstate
like structuresof the aggrgate.Theseare naturallysomehw arti cial sincethe DNA would probably
changets con gurationdramaticallyatsuchlow temperaturest canbeassumedhatfor long simulation
timesNuc the in uence of the non equilibratingkind of the simulationcan be neglected.In [2] the
temperaturenvas kept constantover a certainnumberof Monte Carlo stepsand similar resultswere
obsenred. During the simulationthe size of the trial movesis adaptedo have anacceptanceateof 0:5.

Sincethe explicit evaluationof the potentialis ratherexpensve it is interpolatedduring the simulation
by a secondrderinterpolationfrom atable.For thecrosscorrelationenegy the rst 5 termsof thesum
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over n areinterpolatecandmultiplied by the orientationdependentos ).

Geometrical Cluster Search

Thinking of anef cient wayto identify neighbordn a certaindistancewhich still hasto bede ned, it is
mostimportantto considethecontinuougpropertieof theparticlesin thesystenontheonehandandthe
spatialdecompositiorof “SpinCG?%” ontheother Thelatteris mostlysigni cant for theparallelization.
The whole programis written using MPI for distributed memorysystemswithout memoryreplication,
sotheclustersearchalsohasto dealwith this distributeddatahandling.

Thebasicapproactktonsistf:

1. identifying clusterssequentiallyandindependentlyn eachprocessor
2. communicatevith otherprocessorso link globalclusters

3. scatterthewholelinking information

First of all it is necessaryo introducea geometricclustercriterion. If the distanceof two molecules
exceedsa thresholdlengthr g they are not consideredas neighbos. Sincethe structuresof aggregate
con gurationsare extremely varying, it seemgo be a good choiceto correlatethis criterion with the

Kornysher-Leikin potentialandthusintroducea barrierdependenthresholdengthr . By sometestruns
it turnedout that postulatingr o asthe distancewherethe potentialbarrieris overcomeby 4=5 provided

acceptableesults(see g. 4). Becauseof the form of the potentialit wasalways quite obvious which

particleswerein the shortdistanceof the potentialminimum, andwhich werein a kind of crystalline
statewith respecto eachother Thatis theclustersvereclearly separatedndtheidenti cation couldbe

veri ed easily

0.06
0.04
002 | _ _ _ -

I
30 35 40
- 0.02 % ______

Figure4: Themaximumdistanceof two particlesbelongingto oneclusteris derivedfrom theinteraction
potential.

SequentialLocal Clusterldenti cation

Thereis avarietyof algorithmsfor searchinglustersonalattice.Oneof themostwell known is probably
the Hoshen-Kpelmanalgorithm[7]. A lattice systemis particularlysimplein thatway, that rstly the
particles(i.e. thelattice sites)arein a givenorderwhich makesthemeasyto addresskFurthermorehere
is a de nite numberof neighborsat given positions.Both of theselattice propertiesarenot givenin the
consideredystem.Sincethereis no way to orderthe particlessystematicallyit would be necessaryo
checkevery particleagainstevery otherparticlewhich would resultin a compleity of O(N 2). Evenif
theparticleswould besortedby thex- or y-coordinatethequadraticscalingbehaior would probablybe
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only decreasetly afactor Thisis of coursaundesirableThustheideais to alteralatticebasedalgorithm
to t theneedswithoutloosingits bene ts.

Virtual Lattice Structue

This is accomplishedy introducinga virtual lattice and sort the moleculesinto the lattice cells by a
linked list (see g. 5). In sodoinga smallnumberof particlesbelongingto onecell canbe addressed
nearlyasfastasif they actuallywere particlesin a lattice system.Furthermorethis methodmakes it
possibleto checkonly pairsof moleculesn anumberof potentialneighborcells.But the structureof the
lattice still needssomemoreinvestigation.

©lo QO
O
- OFO ° 1
O
O CO OO 7777777

Figure5: Schematiwiew of the sortingof particlesinto a virtual lattice at the borderof a processor

It is plausiblethatthe preferablestructureis a squardattice. It is easyto addressandthe particlescan
be assignedef ciently to the cells. How to choosethe lattice constanti? A very smalll meansthatin

onelatticecell therewill beonly few moleculesandhencethe stepof checkingeachparticlein onecell

againstary particlein anotheronewill not be expensie althoughit hasa compleity of O(N 2), where
N is the numberof particlesin a cell. On the otherhandfor large | the numberof cellsin the whole
lattice and alsothe numberof possibleneighborcells decreaseslhe lattertwo factorsareboth scaling
with 1=1%. Whereaghe numberof particlesN . is scalingwith 2. Sothe overall scalingwith respecto
| will be1=I> 1=I> (1?)?2 = 1. Fromthatit is not obvious why the introductionof a lattice should
improve the performance.

It hasto be notedthat every particle hasa certainsize (hard coreradiusa in the viewed application)
which givesanupperboundfor the densityof the systemj.e. thereis a certainl whereon averageonly
oneor two particlesarelocatedin eachcell. Decreasing evenfurtherwould resultin mary emptylattice
cellswhich still have to be checled aspotentialneighborcells. On the otherhandfor very smalll there
arecellswhoseparticlesarealwayswithin theradiusr o which avoids anexplicit checkof particlepairs
within cells. But sincefor the speci ¢ exampler g is not muchlarger thantwice the hard coreradius
of oneof the moleculest would surely not make senseo decrease to suchlow values.Sothereis a
lower boundof |. Also a minimumof 8 neighborcells existswhich alwayshave to be checled because
they have borderingcornersor edgesand could thereforecontainmoleculesboundto moleculesfrom
the currentlyconsidereatell. Soit is alsoapparenthatit is no usein increasing to very large numbers
becaus¢he numberof neighborcellsdoesnot reducearymoreafterreachinggs.

An importantfactis thatfor alatticeconstansmalleror equalto r o:p 2it is sure thatparticlesbelonging
to onecell arein the samegeometriccluster(see g. 6). Otherwisethis hasalsoto be checled which
resultsin anothem 2 stepfor every lattice cell! Takingall theseactualitiesinto accountit seemso bea
goodchoiceto setl = ro= 2. Still it is possiblethatfor certainparameteréik e extremelylow or high
densitiesachangeof thevirtual lattice constant couldresultin somespeedupFrom g. 6it canbeseen
thatfor this particularl thereare20 cells possiblycontainingneighborsFor checkingeachpair of cells
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only onceit is enoughto check10 neighborsfrom eachcell. Thereis no cell thatde nitely canonly
containmoleculesn theneighboringdistancesoevery cell hasto be checled.

Figure6: Studyof thevirtual squardattice with lattice constant = ro=p 2.

For the latercommunicatiorwith otherprocessor# is mandatorythatthelattice coordinatesaresome-
how global.Otherwisethelinking would getcomplicatedThis is achiered by sortingthe particlesinto a
globalgrid structure wheresinglegrid cellsmaybelongto differentprocessorsTechnicallythisis real-
izedby truncatingthedecimalplacesof thetwo dimensiBrlanating pointcoordinate®f eachmolecule,
which areglobal,divided by thelatticeconstant = ro= 2. In Fortrancodeit wouldlook like this:

lattice_coordin at e=FLOORr eal_coordin at e/ lat ti ce_consta nt)

This alsoexplainsthe gapbetweerthe edgeof the processoandthe edgeof thelatticein g. 5.

AdaptedHoshen-KpelmanAlgorithm

The Hoshen-Kpelmanalgorithm works iteratively by using a linked list. Fig. 7 is a schemeof the
underlyingidea.lf two clustersarelinked, thelist entry of the onewith the higherproper clusterlabel
becomesa pointerto the smallerclusterlabel, which is representethy a negative integer number The
list entry of the otheronecontainsa positive integerwhich is the total numberof particlesin the certain
clusterincludingall clusterswhich arelinkedwith this one.Now the proper clusterlabelhasto befound
in thelist by following thesepointersuntil anentryequalor greatetthan0 is reached.

listentryno. 1 2 3 1 2 3 1 2 3
value 1 1 0 2 3 2 8 1 2

Figure 7: Visualizationof the Hoshen-Kpelmanclustersearchfor next neighborsin a small square
lattice.

The algorithmis capableof handlingarny numberof potentialnext neighborcells. Now somepseudo
codewill shav how the actualsequentialocal clustersearchs done.

81



DO FOR all Ilattice cells i
DO FOR half of the possible neighbor cells j
search for proper cluster label of |
IF this label is not yet marked as linked with i

IF there is a pair of molecules from i and j with distance<r 0
mark label of j as linked with i -> |
END IF
END IF
END DO
IF number of linked clusters is
0: i gets new cluster label
>=1. find smallest proper label | s from {_I}
link all other linked neighbors I and i to j s in the list
save sum of all cluster sizes as new size of j s
END IF
END DO

For the later parallelizationit is importantthatthe newly introducedclusterlabelsareglobally unique.
Thisis no problemsinceevery processohasa non-ambiguousiumberfor identi cation andthereis an
upperboundof particlesthatcanbe on oneprocessorSoanew clusterlabelwill becalculatedike this:

cluster_label=l ocal counter+lo cal _cpu_i d*max parti cl es_per_cpu .

To provide the ability of linking local clustersto global onesthe linked list array which will be called
cluster_id in thefollowing, shouldhave a dimensionof

number_of proce ssors*max_parti cle s _per_cpu

onevery processorThis makessurethatalsothelinking informationis somehav globalfrom the begin-
ning andcanthereforebe easilyexchanged.

Parallel Global Clusterldenti cation

In “SpinCG2®" thewholetwo dimensionabystemis dividedinto N pg domainswhereN pg is the num-
berof processoren which the applicationruns. Thesedomainsarenot stripes,which would meanthat
the effort of communicatiorfor the Monte Carlo simulationis not decreasindpy higheramountof pro-
cessorshut the programtries to make the domainsas closeto a squareas possible.Herebythrough
addingmoreprocessorshe edgelengthof eachprocessors reducedwhich is the driving factorfor the
communication.

123 4 1 2 4 L T S
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Figure8: With only next neighborcommunicatiorthis examplewould need5 communicatiorstepsuntil
all of thelocal clustersareconnectedo oneglobalone.

N

Now a goodstratgy hasto be foundfor identifying the global clusterswhich meansclustersthat span
the domainsof morethanone processorFig. 8 depictsthatit is not possible or at leastnot ef cient,
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to do this only by communicatiorbetweemext neighborprocessorsThe speci ¢ exampleshavs that
onecould probablyconstructanarti cial globalclusterto getthe necessityof arny “desired” numberof
communicatiorstepsuntil thelocal clusterswould be linked correctly Fromthatit is obviousthatthere
hasto be somekind of all-to-all communication.

To realizethis with anacceptablecalingthe ideais to usea communicatiortree.While descendingo
the root no informationfrom the domainbordersmay be lost. This is achiered by introducingvirtual
domainsasshavnin g. 9. Oneof two communicatingorocessorss alwaysthe masterwhich receves
the whole borderinformationfrom the slave Afterwardsit processeshe borderingedgeto link the
clustersThislinking is doneexactly like theidenti cation of local clustershefore.Thereafteit useshe
restof therecevedinformationto build up thevirtual borderof the domaincontainingthewhole areaof
thetwo processorbefore.Sincetheborderingedgeinformationis alreadytranslatednto clusterlinking
pointersandit is obviously not partof the edgeof the new virtual domain,it doesnot have to be sentin
the next stepof communicatiorandcanberejected Now the masteris capableof communicatingvith
othermastes of the samelevel in the treewhich will have similar dimensiongelatingto their virtual
domains.Thusthe numberof communicatiorstepsis proportionalto the logarithmof the numberof
processorfn acertaindirection.

Figure 9: During the communicatiorprocesghe only importantthing is the edgeof the domainof a
processorTheseedgegrov andbecomehebordersof virtual domainswhichincludetherealdomains
of mary processors.

Sincecommunications very expensve it is importantto reduceheinformationthathasto beexchanged
toaminimum.Firstof all thereis nowayto avoid sendinghe positionsof theparticlesneartheborderof
the processodomains.The appropriatearraywill becalledrxyz_border in thefollowing. Alsoit is
necessaryo have the correctclusterlabelswhich areassignedo the borderinglattice cells.And nally
the global linking cannotbe donewithout partly knowing the entriesof cluster_id ,i.e. all entries
dealingwith clusterlabelswhich exist on or which are pointedat from the lattice border Thereforean
arraycluster_id_bor der is introducedwhosedimensionis two timesthe numberof linked list
entriesasdescribedefore,onefor the addressindonewith the actualvalueof eachentry In ordernot
to looseary informationduringthe communicationespeciallyconcerninghe nally broadcasteedback
which tells every processothe globallabelsof the clusterswhich arecontainedby it, it is necessaryo
alwayskeepthis informationup-to-datewith the globallinking andnever rejectary of this data,evenif
it lies on a borderinsidea virtual domain.This makesup a differenceto the othertwo communication
arrays.To reducetheamountof distributeddatait is usefulto link the clusterdying ontheedgeof each
processodirectly to the properlabelsbeforestartingthe communicationThereforeonly properlabels
andthelabelsthatthey pointto, whichis importantfor their size ,have to besent.Fortunatelyit is always
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possibleto calculatethe dimensionof the lattice on the edgeof a virtual domain.That s the cluster
labelsin thelattice canbe sent rst becauséehereis no uncertaintyaboutthe lengthof thearraythathas
to be receved. At the end of the arraythe size of the othertwo arrayscanbe stored,so absolutelyno
unnecessarinformationis exchanged.

The amountof communications dependenbn the overall edgelength of virtual domainsduring the
whole global clusterlinking processFor rectangulamareasthe optimal form with respectto the edge
lengthwould be of coursethe square Soat rst glanceit shouldbe fasterto build up quadraticvirtual

domainsinsteadof rst linking global lines asit is donein the schemen g. 9. But after the global
lines arelinked, the vertical edgesdo not containary relevantinformationfor linking arymore. It is

importantthatfor a systemwith periodicboundaryconditionsthis would be the point of time to apply
periodicboundaryconditionsin horizontaldirection.A shortcalculationexampleshallcon rm thespeed
up comingfrom neglectingthe vertical edgedor furthercommunicationConsidera numberof 16 pro-

cessorandfully quadraticdomainswith anedgelengtha. A communicatiortreewhich usesguadratic
virtual domainsif possiblewould have a whole edgelengthof 4a + 6a + 8a + 12a = 30a to be sent
while communicatingUsingtheapproactshavn in g. 9 andrejectingtheverticaledgeinformationfor

thelasttwo communicatiorstepsit is only 4a + 6a+ 8a+ 8a = 26a. As shawvn beforethe sizeof the
linkedlist tableis independentrom the chosertype of communicatiorsinceit is never shrunk.

Thehexagonalsetupof thesystemin “SpinCG2%" leadsto asystenthatexpandsmorein they-direction.
For thatreasonit shouldevenbe fasterto rst build up global lines ratherthanglobal columns.Since
afterwardsthe amountof communicatioris only dependenon the lengthof thelines, which is smaller
thanthelengthof columnswould be,anddoesnot increaseanymore.Also the numberof processorn
they-directionis greaterthanthe decompositiorin x-direction,thatis why the rejectionof the vertical
borderscanbe doneonecommunicatiorstepearlierundercertaincircumstancedgzinally if we consider
the architectureof a parallelcomputere.g.the ZAMpano[11], it is likely that neighboringprocessors
in x-directionhave sharednemory which makesthe rst oneor two stepsof communicatiorfastin the
caseof rst building globallines.But it would needsomethoroughinvestigationgo prove this.

After all thistherewill beaglobal master In its local arraycluster_id it containghewholeglobal
linking information.If it is enoughfor every processoto know only the size of clusterswhoseglobal
labelsoriginatefrom it, the global mastermustonly sendbackthe updatedentriesof the linked list
arraywhichoriginally camefrom the speci ¢ processotf in contrasit is importantthatevery processor
knows the size of every clusterwhich canbe foundin its domain,thenthe whole linked list array of
formeredgeclusterentrieswill have to be broadcasto every processor

Extensionto Capability of Building Clustersfor a Monte Carlo Cluster Algorithm

An Enegetic ClusterCriterion

A veryimportantfactabouta Monte Carloalgorithmin generais, thatit hasto ful Il detailedbalance.
Thatis the probability of going from one stateinto anotherin a Monte Carlo stepmustbe the same
asthe probability of gettingback.In clusteralgorithmsthis is ensuredoy the introductionof a certain
probabilityto cut a geometricclusterinto smallerpartsdependenbn enegy andtemperaturasit was
postulatecby R. H. SwendserandJ. S. Wangin 1986[8]. Actually every bondbetweentwo particles
that geometricallybelongto one clusteris cut by a probability calculatedfrom their pair enegy. The
originalalgorithmdealtwith systemsf discretedegreesof freedomlik e the Pottsspinmodels.U. Wolff

extendedthis to a theorywhich could be appliedto continuousspin systemdike the O(n) modelsin

general9]. To comparewo spinshis approachusesa projectionof the spinsto a prede neddirection.
But still the systemhasto be simulatedon a lattice andthe enegy is not distancedependentlt is not
yetclear how the criterion of detailedbalancecanbeful lled for the clusterbuilding for a systemwith
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positionalandangulardegreesof freedomexhibiting frustratedcon gurations.

NecessarnModi cations

Dueto theseconsiderationghe presenwork wasfocusedto building the basisof a Monte Carlocluster
algorithm. This implies somemodi cations of the previously describedalgorithm.The mostimportant
differenceis thatthe clusterlabelsareobviously no longerassociateavith cells of thevirtual lattice but
with eachmoleculein the systensinceit mustbe possiblehatevery moleculebelonggo anindependent
cluster evenif two or moreof themareassignedo onecell.

A shortpseudacodeshawvs the approactor thelocal clusteridenti cation.

initialize every particle with a globally unique cluster label
all  clusters have size 1
DO FOR every cell
DO FOR every pair of molecules in this cell
IF energetic criterion fulfilled
get proper labels of both particles
# N N important to do this here, can change in every step!
link  referring clusters to smaller proper label, sum size
END IF
END DO
DO FOR every molecule inside this cell
DO FOR all molecules in (half of) the neighboring cells
IF both cluster criteria fulfilled
get proper labels of both particles
# ~ N important to do this here, can change in every step!
link  referring clusters to smaller proper label, sum size
END IF
END DO
END DO
END DO

Thepreviously describedrderof (i) dothelinking within eachcell and(ii) throughtheneighboringcells
in thelattice;is not necessaryHowever it seemdo beimpossibleto have realspeedup atthis spot.The
checkinghasto be donefor all moleculesandcannotbe stoppedor acertaincell if onelink is found,as
it waspossiblein themethoddescribedefore.Thisis a serioudossin performance.

Thinking aboutthe communicatiorthe overall schemewill be consered while the datathat have to
be exchangedwill be different. The cluster_id_bor der arrayis handledexactly asit wasdone
in the purely geometricclustersearch.lt is clearthat also the positionsand orientationshave to be
sentfor every particleon the border Thesearesavedin rxyz_border  again.To identify the entries
of therxyz_border  arraywith thelinking informationin cluster_id_bord er alsotheformer,
globally uniguelabel of every particleis important(seethe initialization part of the pseudocode).This
meangherewill be anadditionalarraywith 1 integer valuefor eachmoleculein the virtual bordering
areaof a processqrcontainingthe original label. Obviously noneof the sizesof thesearraysis givenin
advance.Soit is agoodwayto let thereceving processoguesghedimensiorof theoriginallabelarray
(which hasthe leastamountof datainside) plus an uncertaintyand receve an array of that size with
the amountof datain the otherarraysattachedo the end.It would be possibleto sendthe dimensions
of thearraysin anadditionalcommunicatiorstepbeforetransmittingthem,however it seemghatsome
overheadcannotbe avoided.
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Scaling

After all the theoreticaldiscussionsbouta goodimplementatiorof the desiredfunctionality it is now

time to look at real time measurementll measurementwere carriedout on the ZAMpano[11], a
parallelcomputemwith 8 computenodesOnenodeconsistof 4 processorandhas2GB sharednemory
Thereforethe memorymaodelis only partly distributed. At rst glancethe communicatiortree should
provide atree-like scalingasit is describedn [10]. Thatis thescalingis nearlylinearfor low numbersof
processorandsaturatesta constanwvaluefor large numbersit doesnotshav thebehaior of all-to-all

communicatiorwherefor large processonumberghe performances gettingworse.
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Figure10: Scalingof theclusteralgorithmitself andattachedo theMonte Carlostepin “SpinCG2®" for
differentsystemsizesandprocessonumbers.

Fig. 10 shavs themeasuredcalingof theclusterroutineitself andin combinationwith the“SpinCG2%”
program.Sincethe latter hasan outstandingscalingbehaior it is easyto acceptthatthe combination
of bothalwaysshaws a betterscalingcomparedo the pureclustersearchHowever it is foundthatthe
describedechniguescalesmorelike an all-to-all communicatiorschemeRememberingg. 8 andthe
conclusionthat somekind of all-to-all communicatioris necessaryhis is not really astonishingThe
reasorfor the differenceof the tree-likke communicatiorandthe schemen the existing caseis thatthe
amountof datathathasto be transmitteds alsorising with the numberof processorsincethe overall
edgelengthis rising. Thisis notthe casein theunderlyingeqn.107in [10]:

logg(Nw) o0 1
Np

c(Np) = logo(Np) + : (6)

n=1

where isthelateny and thebandwith.To have a betterview on thereal compleity with respecto
N, thesumcanbesimpli ed to:

oNp) = logp(Np) + 1 )
p

HereN is thenumberof processorsy(N ) expressesherelative portionof communicatiorwith respect
to communicationin egn.6 theterm2" =N, is a normalizedamountof datato be sentwithin each
step.The overall amountis always1, soin thelaststepof communicatioril=2 is sent.The edgelength
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is growing with aboutlog,(Np) in two dimensionsSotheleadingbehaior canbedervedfrom 6:

logg(Np) o 1
n=1 p
1
= logy(Np) +logy(Np) 1 = ©
p
ideal ———
tree-like - NV
existing -~ o

Speedup

1 10 100 1000

Np

Figure1ll: Comparisorof tree-like scalingandthatonewhich is theoreticallyexpectedfor the commu-
nicationschemeausedin theclustersearchalgorithmfor = 10 “and = 0:05.

Sinceit cannotbe avoidedthatthesumof theedgesof all processorgrows by increasinghe numberof
nodesit is at leastsatishctorythat afterthe slopeof speedumot negative it is slowly increasingagain
(see g. 11). The mostimportantfactis thatthe goodscalingbehaior of “SpinCG2?” is not destrged
by implementingthe clusteralgorithminto it. For thatreasong. 12 shaws the absoluterunningtimes
of differentroutinescalledin “SpinCG?® andthe clusterlabelingalgorithm.The“local cluster’search
is doneabsolutelyindependentlhyon every processorndthereforeit exhibits a goodscalingbehaior.
Thecritical partof the“SpinCG?®” concerninghe numberof processorss the “spatialdecomposition
which containccommunicationlts time consumptioris moreor lessconstantindependenof thenumber
of PEs.The two partsof the clusteralgorithm containingcommunicatiorare fastenoughnot to malke
the nggative scalinga real problem.The mosttime consumingout absolutelyparallel“interaction” part
is probablysloweddown by the “spatialdecomposition’at nearlythe samenumberof processorsvhere
theglobalclusteridenti cation becomesmportant,maybethis happengvenearlier

”

Cluster SizeDistrib utions

Besidegheimportantfactthattheclustersearctcanextendthefunctionality of the Monte Carlosimula-
tion, it is of coursealsopossibleto measurelustersizehistogramsor studypercolationn nal con g-

urations.Dueto thelimited time only the distributions of clustersizesin simulationof DNA molecules
wasstudied. Themeasuremenwasdoneby creatingl00 nal .con gurationsof asystenwith N = 5184
DNA strandsby “SpinCG2®" startingfrom adensity = 2= 3d?, whered = 35:0A waschosenFrom
nal con gurationsanaveragedistribution of clustersizeswasobtained.Sinceevery con gurationwas
obtainedby ade nite numberof Monte Carlostepsoriginatingfrom thesamenitial set-up(ahexagonal
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Figure 12: The runtime of differentroutinescalledin “SpinCG?® and necessargtepsof the cluster
searchfor variousnumbersof processoranda systemsizeof about100000molecules.

lattice)the nal systemswerestatisticallyabsolutelyindependenandtheerrorbarswerecalculatedust
asthe standardleviation.

Themeasurementserecarriedoutfor differentvaluesof thechagecompensation. TheDebyescreen-
ing lengthwasalwaysgivenby 1 = 10A. As it wasdiscussedn the beginning for this a phase
transitionis to be expectedfor 0:86. For smallerchage compensationthe potentialbecomesom-
pletelyrepulsve which resultsin akind of crystallinestateof the systemFor thisreasorthereis noway
to identify clusterspecausét is evennot possibleto de ne aclustercriterion. Eitherall particleswould
bein onelarge cluster or every particlewould beidenti ed to be separatérom all others Becaus®f the
repulsie form of thepotentialit is morereasonabléo talk of acrystallinephasewithoutary clustersFor
highervaluesof the chage compensation the structurewill be interestingbecausef the frustrations
arisingfrom the orientationdependenpart of the Kornyshe/-Leikin potential.lt is interestingif there
canbe found somepower law for the clustersizedistribution in analogyto percolationon latticesfor
example.

Fig. 13.a shavs asystemwith 324DNA strandghatwasobtainedby a simulationof 20000Monte Carlo
stepsfor = 0:95. For this small numberof moleculesthe pictureis not capableto shav the overall
structureof sucha system.But it depictsthe qualitative factthat large clustersarisewherethe strands
orient perpendiculato eachotheraccordingto the minimumin the two dimensionalpotentialenegy
landscapeUnlike in 13b, wherethe samesimulationwasdonewith = 0:865 closeto the expected
critical point. Most of the particleshave a seriousdistancefrom eachotherwhile someof themgather
into very small clustersat the at minimumin the potentialcurve. This differencewill bere ectedin
the clustersize histogramswhich allow qualitatve statementsboutthe structureof the system.n g.
13.c andd the correspondindhistogramso the structuresn 13a andb manifestthis difference.For
high chage compensatiorthe probability of hugeclustersis still in an acceptableange.Clustersat
sizesgreaterthan2000arelikely to be percolatingbecausehey containabouthalf of all moleculesn
the system.The searchedbower law is well reproducedor long simulationtimes and the according
exponentcanbe measuredFor a rapid cooling andlessMonte Carlo stepsa deviation from the power
law at a certainpoint canbe obsered. Obviously this can be taken asa sign for too shortsimulation
times.Nearto thecritical point ( g. 13d) the slopeof the clustersize curve changegiramatically(see
also g. 14).It canalsobe seenthatthe deviation from a power law which could be obsered for short
simulationtimesin g. 13.c appearsvenfor 10000Monte Carlo stepsin this case.Thereforefor the
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Figurel3:a, b: Finalcon gurationof amodelDNA aggrgatewith 324moleculefor = 0:95(a) and

= 0:865(b) after simulatedannealingover 10000steps.The vectorsshav the azimuthalorientation
of amolecule.c, d: The accordingclustersize histogramsaveragedover 100 nal con gurationsof a
systemwith 5184particles.

roughestimationof anexponentonly the rst valuesweretakeninto accountThis behaior seemgo be
similarto thecritical slowving down which oftenoccursat phaseransitionsn spinsimulationsit would
beinterestingto seethe effect of areal clusteralgorithmin the Monte Carlostep.May beit would help
to increasdahe quality of thedata.

Finally in g. 14 the exponentsof the clustersizedistributions are plottedfor several . Althoughthe
errorbarsareonly obtainedfrom theleastsquaret (doublestandarddeviation) the qualitatize drop of
theexponentcloseto = 0:86is obvious.

Conclusionand Outlook

Theintroducedclustersearchalgorithmcanbe usedto build a Monte Carlo clusteralgorithmfor con-
tinuoustwo dimensionabff-lattice spin systemsn the onehand,andthe studyof clusterdistributions
andpercolatiorontheother It is designedor parallel,distributedmemorysystemsanddoesnot needto
replicatememory Although a variety of optimizationswereimplementedt cannotbe avoidedthatthe
scalingof the methodcanhave negative slopesBut sinceits absoluterun time is very shortit doesnot
have ary considerablén uence on the goodscalingbehaior of “SpinCG?® andcanthereforeextend
thefunctionality of the existing code.

It will be very interestingto implementan enegetic criterion which could make the methodcapable
of lowering the autocorrelatiortimesin the describedsystemsMeasurementsf autocorrelatiortimes
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in the currentand extendedversionwould be necessaryo prove that. Also the measurementsn sys-
tem structureexponentsshouldbe carriedout morethoroughly An extensionof the techniqueto three
dimensionsvould be desirableandshouldnot be complicatedn principle.
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Abstract: UNICORE,a popularGrid Computingsoftware,facilitatesthe seamlesandsecure
sharingof computingresourcesamongdistributed supercomputerdn its currentimplemen-
tation, UNICORE adoptsa static resourcemanagemeninodelwhich cannot fully meetthe

users requirementn resourceprovisioning. In this work, we proposethe incorporationof a

Web Services(WS) Agreementbasedresourcenegotiation model to advancethe currentre-

sourcemanagemennodelof UNICORE. Thefeasibility of the proposedapproachs validated
throughexperimentsbasedon a prototypeimplementation.

Intr oduction

Grids[1], geographicallydistributedcomputingplatforms,aim at resourcesharingandproblemsolving
amongheterogeneougotentially large-scaleresourcesAccording to the underlyingresourcetypes,
Gridscanbefurtherclassi edinto ComputingGridsandDataGrids.ComputingGridsaimatthesharing
of computingresourcesmongsupercomputerdeplo/edamongdifferentHPC Centerswvhile DataGrids
aim atsynthesizingnew informationfrom datarepositorieslistributedin a wide areanetwork.

Amongall the Grid software, UNICORE[2] andGlohus[3] arethetwo mostimportantones.Globusis
anopensourceprojectthatintendsto provide Grid building toolsfor a Grid infrastructure Thesetools
includea setof coreservicesa setof advancedservicesanda setof well-de ned APIs for Grid appli-
cationconstructionlNICORE,ontheotherhand,currentlyprovidesa vertically integratedsolutionfor
combiningcomputingresourcen the Internet.On the basisof a uniform accesdo distributed com-
putingresourcesit supportsa powerful work o w managemeranda friendly client sideuserinterface.
UNICOREhasrecentlybeenreleasedsopensourcesoftwareaswell.

While the resourcemanagementunctionality of UNICORE is rich, in its currentimplementationit
adoptsa static resourcemanagemengapproachwhich can not fully meetthe users requirementson
resourceprovision. This motivatesthe main goal of this work: to supportdynamicresourcenegotiation
in UNICORE.

Thepaperis organizedasfollows: The next sectiondiscusseghe currentresourcananagemerrnodelin
UNICORE andits weakpoints.Section3 introduceshe architectureof WS Agreemenbasedesource
negotiation. The implementatioris shawvn in section4. Finally, section5 concludeghe discussiorand
outlinesfuturework.



Curr ent Resource Managementin UNICORE

UNICORE s the acrorym of Uniform Interfaceto ComputingResourceqd4]. As shawn in Fig. 1, the
main component®f UNICORE are Gatevay, Network Job Supervisel(NJS), Target Systeminterface
(TSI) andClient.

Figurel: UNICORE SystemArchitecture

TSI providesaninterfacebetweerthe abstractesourcanodelof the NJSandthetamget supercomputer
or storagesener, throughwhich NJS cansubmitjobsto the target system.Thesetwo partsestablisha
virtual sitein UNICORE (Vsite). By connectingo a Gatavay thatis commonfor asingleadministratie
domain,several Vsitesbuild a UNICORE Grid site (Usite). The end-useusesthe UNICORE client to
connecto a Usite Gatavay andcontrol his job.

Whenpreparinga job, end-usershould rst have theinformationof theavailableresourcegVsites)and
thenthey canselectheappropriatalestinatiorto runtheirjob. In thecurrentstaticresourcenanagement
model,this informationis managedhroughthefollowing steps:

1. Theresourcénformationof atamgetsystemarecon guredin the statictext IncarnationDataBase
(IDB) le onNJS,suchasthelisted PROCESSORNformationmeangherearetotally 10 proces-
sorsperNodeandtherequeshumbemustbe betweerl and10.

PROCESSORNumber of PEs per Node] DEFAULT[1] MAXIMUM[10] MINIMUM [1]

2. Intheinitialization processtheNJSreadshisinformationinto a staticmembewariableresources
andkeepst unchangediuringits lifetime.
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3. When connectedo a Usite, the Client submitsa GetResowreDescriptionaction* to the NJS.
The correspondindnandlerDoGetResoweswithin the NJSreadsthe informationfrom the static
variableresoucesandreturnsit backto the Client.

4. After obtainingthe resourceinformation, end-usercan make a match betweentheir jobs and
the resourcesFinally, the end-userswill submittheir jobs to a Usite with a speci ed resource
requirement.

Although this model can help the end-usetto performtheir job submissionjt only provides a static
resourceview for a VSite andcanthusnot fully meettherequirementsf bothparties theend-useand
the provider, onresourceorovisioning.

First, end-usergannot obtainthe up-to-dateresourcenformationof a taiget system.For examplethe
currentsystemload, the free processonumbey or the available memorysize. Surely this information
affectsthe end-userto malke a suitableresourceselection.Secondthe currentmodeldoesnt support
the policy basedresourceprovisioning asdemandedy providers. For examplethe tamget systemcan
not provide speci ed resourcanformationaccordingto the useridandit's the samefor otherpolicies.
Third, the systemcan not provide a QoS ensuredesourceprovisioning. It only providesthe resource
information and transfersthe job to the selectedtarmget system.Thereare no intermediateassurance
componentsFinally, economicmodelsof resourceprovisioning [5] will play animportantrole in Grid
Computing But in the currentmodel,it is hardly possibleto implementthis.

To meetthe abore requirementsye introducea negotiation basedresourcemanagemeniodelinto
UNICORE.

WS AgreementbasedResouice Negotiationin UNICORE

Currently thereare serseral ServiceLevel Agreemeni{SLA) protocolsthat cansupportresourcenego-
tiation in distributed systemssuchasWSLA [6], BPEL [7] andWS Agreemen{8]. Amongthem, WS
Agreementis anewly proposecandWSRFbasedorotocol.

WSA Client WSA Server
| )
| )
| )
| )
| GetTemplate I
l g
I I
1 ResourceTemplate ]
e -
| |
1 MakeOffer |
| N|
| |
| |
| Reject |
ﬁ_ _________________ _I
| |
| MakeOffer I
[ A |
¥ A
I |
| |

Accept
k_ e jl
1

Figure2: InteractionSchemadf WS Agreement

1SeeAppendixA
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Web ServicesAgreement

WS Agreementdescribesan XML languagefor the speci cationof an agreemenbetweena resource
providerandaconsumenWS Agreementlsospeci esaprotocolfor the creationof anagreementising
agreementemplatesThe speci cationincludesnot only the schemefor specifyingan agreemenbut
alsoa setof porttypesandoperationfor managingheagreement.

Fig. 2 shaws the basicinteractionschemeof WS AgreementFirst, the consumemeedsto requestor
a resourcetemplatefrom the provider and after seseral negotiation stepstherewill be an agreement
betweerthesetwo parties.In the speci cation,an EPRwill bereturnedto the WS Agreemen(Clientas
auniqueidenti cation of the createdagreementwhich is usedfor furtheragreemeninanaging.

Client NJS/WSA Client TSI/WSA Server

GetResourceDescription (without epr)

GetTemplate

CurrentResource

RequestResource

MakeOffer

RequestResource

MakeOffer

AcceptOutcome

—_———d e NN ]

|
|
|
1
L
|
I
i
1
|
|
|
1
1
|
|
L Rdea
RejectOutcome r_
|
|
|
1
|
|
|
|
K—
]
|
1

B R N Y A I

Figure3: InteractionSchemeof UNICORE

SystenmArchitectue of Resouce Negotiation Model

Accordingto the WS Agreemenspeci cationandtherequirementsor resourceprovision, we designed
the interactionschemedor the resourcenggotiationof UNICORE. As shawvn in Fig. 3, the approach
follows thatof WS AgreementHowever, within the UNICOREarchitecturehe NJScommunicatesvith
the WS AgreementSener on behalfof theend-user

The systemarchitecturdor this resourcenegotiationmodelof UNICORE s shawvn in Fig. 4. Compared
with the original model,theresourcanformationis managedsfollows:

1. Thesameastheoriginal model,NJSreadstheresourcanformationinto a staticmembewariable
atinitialization. But it's only taken asa referencdor future use.

2. The Clientcanmake a GetResoureDescriptiorrequesto NJS.Acting asarepresentate of the
end-userandalsoasa WS AgreementClient, NJSwill requestthe resourcetemplate,malke an
agreementffer, andquerytheagreemenpropertiesaccordingo the contentsof thisrequest.
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Figure4: Architecturefor ResourcéNegotiationin UNICORE

(a) If therequestdoesnt containary attachednformation,NJSwill sendGetlemplateto the
WS AgreementSenerin orderto getdynamicanduserspeci edresourcenformation. This
informationwill bereturnedo theend-usethroughthe Gatevay.

(b) If therequestcontainsa ResouceSetthe NJSwill treatit asaresourcerequestactionand
will senda MakeOfer messagéo the WS AgreementSener to createan agreementWhen
anagreemenis successfullycreatedthe correspondindend-Point-ReferencdEPR)will be
sentbackto theend-user

(c) If therequestcontainsa valid EPR,it meansthatthis is a resourcequeryaction. The NJS
will usethis EPRto querymultiple propertiesof the correspondingagreemenandreturns
theinformationto theend-user

3. With thereturnedEPR,anend-usecanmale full useof thisresourceagreement.

With all theabove functions the new negotiationbasedesourcananagemennodelcansurelymeetthe
requirementslescribedn section2.

Systemlmplementation and Demos

Basednthearchitectureshavnin Fig. 4, weimplemented prototypesystemin theimplementationywe
modi ed NJSto supportthe new resourcananagemenmodel.Also, we integratedthe nev UNICORE
versionwith WS AgreementAfter that,we modi ed the Client of UNICORE to validatethe feasibility
of thisnew model.In additionto thenegotiationrequirementsthe compatibilitywith the original system
wasanotherequiremenbdf this work.

Modi cation of NJS

As describedn AppendixA, eachrequestrom the Client canbe seenasanaction.In this framework,
therearetwo waysto do themodi cation:
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First, we canadd somenew actionsinto the AbstractJob Object (AJO) to supportresourcengyotia-
tion. While this approachs relatively easyto performandwithout changingthe original systemdesign
principle, the modi cation of AJO will affect almostevery part of UNICORE, which meandosing of
compatibility

Secondpy modifying the existing actionswe canalsoachie/e the samegoal. Althoughit will disobe
the designprinciple of UNICORE, this methodwill limit the modi cation insideNJSandcanmeetthe
compatibilityrequirement.

In the prototypeimplementationyve chosethe latteroneandmodi ed the handlerfor theactionGetRe-
sourceDescriptionThe pseudo-codes listedbelaw:

String  globallnfo = this.getUspace().getDirectory() + ".UNICORE_GLOBAL_INFO";
if ((new File(globallinfo)).exists()) {

ResSet = read ResoruceSet from File globallnfo;

ag_epr = read resource from ResSet;

/I If there is a valid EPRthen this is a resource query Request
/I else this is an make offer request

if (ag_epr == null) {
ERP = make an agreement offer;
return EPR;

} else {

newResSet = query resource properties;
return newResSet;

}

} else {
/I This is a get template request
newResSet = get resource template;
return newResSet;

Besideghis, we alsomodi ed thetaskmanagementomponent®f NJSto checkwhethertheincoming
job hasavalid resourceagreement.

Integration of WSAgreement

WS Agreementis an developing speci cation. We useda prototypeimplementationf9] basedon the
speci cationversionl.1,draft 20.

By introducingthe classDoGetDynamicResInfave canalsouseNJSasa WS AgreemenClient. Class
GeneateResowreOfer and ParseResoweemplateare usedto deal with the resourcetemplateand
agreemenbffer. The pseudo-codes listedbelaw:

public class DoGetDynamicResInfo  {
/**
* Read the Dynamic Resources Info form WS Agreement by GetTemplate,
* the EPR here doesnt contain the agreement information but for the
* WS Agreement  Server
*
/
public  static ResourceSet  getDynamicResource(String xlogin, String  vsite_epr,
ResourceSet  current_rs) {

}

/**

* Read the Dynamic Resources Info form WS Agreement by GetMultiProperties,
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* here the EPR stands for the agreement
*/
public  static ResourceSet  getDynamicResource(String vsite_epr, String  ag_epr)

}

Modi cation of Client

In orderto validatethe implementatiorof a new resourcemanagemermnodel,it wasneededo createa
clientfor communicatingvith NJS.Therearealsotwo waysto achieve this:

First, we canusethe Arcon Client of UNICORE to testthis implementation.The Arcon Client is a
library that providesa simple, lightweightinterfaceto the UNICORE senersandcanbe usedto build

UNICORECclients.It is easyfor programmingput it only providesa limited setof functionsanddoes
not have agraphicuserinterface.

Secondwe canmodify the normalUNICORE Client to addnew functions.The normalclient hasrich
functionsanda well designedyraphicuserinterface.But the complex architecturemalesit dif cult for
modi cation.

In this work, we chosethe secondone.Below is a list of classeghat we modi ed or added:Client,
ResouceManager, GetResouwres JobGroupRanel JobResoweRanel ResouceQueryBnel Resouce-
QueryDialagy, IMCTreg JPATree

Demos

By usingthe modi ed Client we cangetthe up-to-dateresourceinformation,createan agreemenand
canquerytheresourcepropertiesof this agreementSomescreercapturesarecollectedin Fig. 5.

Figure5: Demosof the NegotiationbasedresourcéManagemeniodel
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Conclusionand Futur e Work

In this work, we identi ed someweakpointsof the currentresourcananagemenmodelin UNICORE
andproposedhe ngyotiationbasednodelasa solution. Throughthe prototypeimplementatioranda set
of experimentsye demonstratethe feasibility of this new model.

With the explorationof this work, this modelcanbe easilyadoptedoy the next versionof WSRFbased
UNICORE software. Furthermorepn top of this model,we canalsoachiee resourceschedulingand
work o w managemertb provide a betterresourceprovisioning.
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Appendix

Resource Information Managementin NJS

Thefollowing descriptionsaaremainly concentratedn whereandhow theresourcanformationis man-
agedin NJS,includinginitialization andactionhandling.

Initialization of NJS

As shavn in Fig. 6, classNJSis in chage of the initialization phaseandthe whole processs listed as
follwos:

1. ClassNJSgetsthe nameof property le (njs.propertiesandsomeotherparametergérom startup
scriptandthenpasseshemto classCon guration

2. ClassCon guration readsall the prede nedpropertiesfor NJSfrom the property le andstores
theminto the static membervariablesof classNJSGlobal Thesepropertiesin classNJSGlobal
will beusedby otherpartsof NJS.

3. ClassNJScallsthefunctioninitialise() of classSeminariego readthe staticresourceénformation
from IDB le. When nished parsingIDB le, the resourceinformationis storedin the static
membenvariableresoucesof classDoGetResowes
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Figure®6: Initialization of NJS

In NJS,therearetwo kindsof objectsworking togetherfor parsingthe resourceénformation:Missaland
ReaderMissalcontainsa setof raw resourcenformationanda dictionaryof differentkinds of resource
readersFor example,classResouceReadeicontainsthe readerdor Textinfo ResourceNumericinfo
ResourceCapacityResourceandclassTargetSystencontainghereaderdor SoftwareResource.

In initialization,thecontentof IDB le will bereadinto aMissalobject rst. And thenthis Missalobject
canparsetheresourcanformationby usingdifferentresourceeaders.

ActionHandlingin NJS

In UNICORE eachkind of requests taken asan actionandthereare four kinds of actionsde ned in
AJO: RAction, XAction, EActionandNAction. NAction refersto thoserequestshatshouldbeexecuted
by NJSitself.

For each action there is the correspondingKnownActionFactory and Handler such as GetRe-
sourceDescriptionDoGetResowes.factoryandDoGetResouwes In UNICORE GetResoureDescrip-
tion is a NAction responsibldor providing the staticresourcanformationto the end-user

In theinitialization of NJS,classNJScallstheinit() functionof classKknownActionBctoryto initialize
therelationshipbetweenrAction andFactory suchasthe GetResowreDescriptioractionhasthe follow-
ing registrationsentences:

classes_e.add((new GetResourceDescription()).getClass().g etName());
handlers_e.add(new DoGetResources.Factory());

With the helpof this relationKnownActionDB,NJScan rst createahandlerinstanceandthendispatch
theactionto it for processing.
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Leistungsanalysder Matrixmultiplikationsroutine
PDGEMM/ PDSYMM aufIBM p-690(Jump)
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Zusammenfassung: Die Performanceder parallelenMatrix-Matrix-Multiplikationsroutinen
PDGEMM und PDSYMM wurdenaufdemJUelichMulti Processodump[1] untersucht.

Einf hrung

Untersuchtwurde die RoutinePDGEMM (P fur Parallel, D fur Double precision,GE fur die Matrix-
EigenschafGEneralundMM fur Matrix ~ Matrix) ausPESSL die die folgendeOperationdurchfihrt:

C op(AopB)+ C; opX)= X;XT
mitA2 R™ k. B2 Rk n: cC2 RM n

Desweiterenwurdedie RoutinePDSYMM (P fur Parallel,D fur Doubleprecision,SY fir die Matrix-
EigenschaftSYmmetricund MM flir Matrix ~ Matrix) ausPESSLuntersuchtdie die nachfolgende
Operatiorausfihrt:

C AB + C; C BA+ C mitAT=A2R™ M

Diese Routine benoétigt keine vollstandigeMatrix, sondernnur eine oberebzw untere Dreiecksma-
trix, der RestdieserMatrix kann beliebig besetztsein. In diesemDokumentwurde der Einfachheit
halber nur mit quadratischerMatrizen gerechnetalsok = m = n. Es wurdenfolgende Werte
zur Berechnungbenutzt: = 1; = 1. Die Matrizen wurden auf folgende Weise erzeugt:
A(i;j) = B(i;j) = (i + j)=100und,sofernnicht andershezeichnetywurdenalle Messungemit der
Multiplikation zweier1000 1000Matrizendurchgefihrt.

Bei derVerteilungder Matrizenauf die einzelnenProzessorefsiehe auf Seite105) mussnochgesagt
werdenhandeltes sich um eine block-zyklische Verteilung (siehe ScaLARACK Users Guide [2]).
Dies bedeutetdasszunachstdie Matrix in Blocke aufgeteiltwird. Dann wird das ProzessoeGitter
immerwiedertberdie Matrix mit ihreneinzelnerBlocken geleggt. DadurchentstehemunterUmstanden
Last-Ungleichgeichte, da nicht alle ProzessorenlieselbeMenge zur Berechnungerhalten.Naheres
wird in demdazugehdrigeKapitel auf Seite105erklartundveranschaulicht.



Der JUelich Multi ProcessordJump bestehtaus 41 IBM p690 Knoten, wobei jeder Knoten mit 32

Paverd+ Prozessoremit 1.7 GHz Taktungbestlicktist, was einer Gesamt-Anzahlon 1312 Prozes-
sorenentsprichtDie Leistungpro Prozessobetragt6.8 GFlops,woraussich eine Gesamtleistungon

8.9 TFLOPSemibt. JederProzessowerfiigt iber64 / 32 KB instruction/ datainternenLevell Cache.
Je zwei Prozessoreneilen sich 1.5 MB Level2 Cacheund kdnnenauf 512 MB Level3 Cachepro

KnotenzugreifenJedeKnotenverfiigtdesweitereniiber512 GB SpeicherDie Berechnungemwurden
unter dem BetriebssystenAlX 5.2 mit ESSLVA4.1 [3], PESSLV3.1 [4] und dem Fortran Compiler
XL Fortran8.1durchgefihrtDie Zeitenwurdenmit derRoutineMPI1_WTIME gemessen.

Die Messungemvurdenalle aufganzerkKnotendurchgefiihrtDie Option@node_usage not_sharedm

LoadLevelerbewirkte, dasskeineandererBenutzemie nochfreienProzessorenutztenum eventuellen
Kommunikations-oder SpeicheiKon ikten ausdemWeg zu gehen.Da man es geradebei kleineren
Matrizen mit extrem kurzen Zeitspannerzu tun hat, wurden die Messungermehrfch wiederholt
und die Ergebnissggemittelt.In denfolgendenGraphilen werdenoft die MFLOPS ang@geben.Diese
wurdenanhandder Annahme dasseine Multiplikation zweiern  n - Matrizen2n?2 Floating P oint

Operationerbendtigt,berechnet.

Ein weiteresProblemstellt dasBetriebssystendar, dain regelmaRigerAbstanderbestimmteDienste
aufgerufernwerden,die die ZeitmessungenerfalschenDie Zeit lauft weiter, obwohl eigentlichkeine
fur die BerechnungelevantenAusfiihrungergetatigtwerden.Diesist durchAusreiRerin denGra ken
zuerkennen.

Performancevon PDGEMM

Bei der Nutzungder parallelenMatrixmultiplikationsratinen PDGEMM und PDSYMM mussenum
einemaximalelLeistungs-AusnutzundesComputerserreicherzu kdnnen,mehrereParametebeachtet
werden:ProzesseAnordnung,ProzesseAnzahlundBlockgrél3e.

MFLOPS

Abbildung 1: Performanceron PDGEMM: unterschiedlichéBlockgrof3enverschiedendrozessoran-

ordnungen
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In Abbildung 1 auf der vorherigenSeite erkennt man die starle Abhangigleit der Performancevon
BlockgroRe und Prozessoranordnungvobei die Performanceauf nichtquadratischerGittern bei
groRererBlockgroRerstarkzuriickgeht,danicht mehralle Prozessorearbeiten.

Wenneinerderobengenannterffarameteungunstiggewvahlt wird, mussmanmit starlen Performance-
EinbuRenrechnenlm folgendenwerdendie einzelnenParameternd die damitverbundenerProbleme
nahererlautert.

Die Prozesso#Anomnung

Nicht nur die eigentliche Anzahl der Prozessorergsiehe ,Die Prozessoranzahl“auf der nachsten
Seite), sondernauch deren Anordnungspielt fir eine optimale Performanceein grol3e Rolle. Dies

hangt damit zusammengdassdie Prozessorerbei einer gut verteilten Anordnung bessereKommu-

nikationsmaoglichkiten haben,da dann mehrereProzesseBpaltenoder -Zeilen parallel miteinander
kommunizierenkénnenund nicht nur eine globale Kommunikationablauft. Wie in Abbildung 1 zu

erkennenist, erhaltmanbeieinem16 1 Gitter eineakzeptablderformancéeikleinerenBlockgrofien
(siehe,Die BlockgrofRe” auf Seite 105), danachbricht die Performanceein. Bei dieserAnordnung
liegenalle 16 Prozessorein einerReiheund esist nur eine einzigeKommunikationrealisierbarDie

bestePerformanceédei diesemGitter betragt53963MFLOPS. Im Vemgleich dazubetragtdie héchste
Performancéeieinem4 4 Gitter63929MFLOPS, alsocircal8Prozenimehr In diesemGitter liegen

die Prozessorenptimalverteiltundkénnensobessemiteinandelkommunizieren.

60000 T T T T T T T
16 x 1 Gitter +
55000 - 1 x 16 Gitter x _

50000
45000
40000
35000

30000

MFLOPS

25000

20000 b

15000

10000 4

5000 —

0 1 1 1 1 M 1 1 1
0 20 40 60 80 100 120 140 160

Blockgroesse

Abbildung 2: Performanceron PDGEMM: unterschiedlichéBlockgrof3enverschiedendrozessoran-
ordnungen(horizontalundvertikal)

Abbildung?2 zeigt,dassesauchUnterschiedenachtin welcherRichtungdie Gitterangeordnesind,dies
lasstsichaufdie unterschiedlictAusnutzungdesCacheszuruckfihrendennFortranspeicherMatrizen
immer spaltenweisah In dieserAbbildungwerdenbereitsab einerBlockgrol3evon 67 nicht mehralle
Prozessorebeansprucht.
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Die ProzessoiAnzahl

Esist wichtig eine,geschickte“Anzahlvon Prozessoreauszuwahlendenndieseist engmit der Effek-
tivitat vertunden.Der Speeduwon PDGEMM ist durchdie Kommunikatiomachobenbegrenzt,dabei
mehrProzessorergwar derAnteil andersequenzielleBerechnun@ufjedemProzessogeringerwird,
abergleichzeitigder Kommunikations-Aufwndsteigt.

Die Effizienz mehrerer Prozessoren gegenueber einem Prozessor"
100 T T T T

80 + + * R

60 - —

40 | :

Effizienz in Prozent

20 .

0 1 1 1 1
5 10 15 20

Anzahl an Prozessoren

Abbildung 3: Effektivitdt von PDGEMM: verschiedend’rozessoranzahldvei optimalemGitter und
optimalerBlockgroR3e

In Abbildung3 kannmansehenyie die Effektivitat (1 Prozessor 100 Prozent)ei steigendeAnzahl
von Prozessoremmmer weiter nachlasstDes weiterensieht man, dassPrimzahlenals Anzahl von
Prozessorexollkommenungeeignesind, wasdamitzusammenhéangtiassdie Prozessoreantwedein
einerReiheoderin einerSpalteangeordnetind nicht gleichmafigverteilt sind, wohingeyenmit einer
ProzesseAnzahl die gut teilbar ist, deutlichbesserdergebnissezu erzielensind - am Bestenist eine
quadratischénzahl,dadie Prozessoredannideal aufgeteiltsind.

Prozessoren 1 2 4 8 16 32 64 128
Zeitin s 42079 | .22047 | .11630 | .06206 | .03128 | .01883 | .01162 | .01007
Speedup 1 1.91 3.62 6.78 13.45 | 22.35 | 36.22 | 41.78

Tabellel: Speedup®ei Multiplikation von1000 1000Matrizen

Tabellel zeigtden Speedupbei festerMatrixgroReund Verdopplungder Prozessorzahleman sieht,
dasgnanin derRealitdtniemalsl28Prozessorefur einesogeringeMatrixgroRenutzenwiirde,dajeder
einzelneProzessobei einer1000 1000Matrix nur nochsehrkleine Blocke zur Berechnungerhalt.
Bei groRererMatrizenwarejedochder Speedu@uchmit mehrProzessorenochakzeptabel.

Man benétigt,um die Zeiten zu halbiereneineimmer grél3ereAnzahl an Prozessorermjadurchmuss
man abschéatzenbis wohin sich eine Beschleunigungioch lohnt und ab wann man eherwieder auf
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weniger Prozessorereuriickgreift, um Ressourcereu sparen.Der Vemleich zwischen36 und 72
Prozessoreim Tabelle auf Seite120zeigtdiesdeutlich,trotz VerdopplunglerProzesseAnzahlbetragt
derZeitgevinn geradenoch26 %.

0.45 T T T T

Zeitins

0 1 1 1 1
5 10 15 20

Anzahl an Prozessoren

Abbildung4: Dauerin Sekunderiir Berechnungnit verschiedeneProzessoranzakbptimalesGitter/
optimaleBlockgrofie)

Abbildung 4 veranschaulichtwie der Nutzenvon mehr Prozessoreiimmer geringerwird, und die
AusflihrungszeiteilweisesogarwiederansteigtwenneineungtinstigeAnzahlan Prozessoregevahit
wurde.

Die Blodkgrofie

Die Blockgrofest fur die eigentlichePerformancelerallesentscheidendeaktor, denndieseGrofRegibt
an,wie groRdie Blécke sind,die jedemProzessorugeteiltwerden DabeisindgroRereBlocke kleineren
vorzuziehen.

Sind dieseBlocke unginstiggewahlt, so kannespassierengassein Ungleichgavicht bei der Berech-
nungentsteht ein Prozessomussbedeutendnehrberechnenals ein andererlm Extremfll kannes
beiviel zu groRgewvahltenBlocken sogarpassierendasseinigeProzessorenichtsmehrberechnemnd
die Lastaufdie andererfallt.

HierzueinBeispiel:Eswurdeeine300 300-Matrix fur 4 Prozessoreaufeinem2 2-Prozessefitter
aufgeteilt,als BlockgroRewurde 100 gewahit.
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Man siehtan der Matrix-DarstellungwelcherProzessomwelche Teile der Matrix zur Berechnungzu-
gewiesenbekommt, dabeiféllt auf, dassProzesso0 vier Teile, Prozessod und Prozessof jeweils
zwei Teile und ProzessoB nur ein Teil derMatrix erhalt,dadurchentstehtin Ungleichgavicht beider
Berechnung.

Esist alsosinrvoll die Blocke so zu wahlen,dassdie einzelnenProzessorein etwa gleichviel zu tun
habenDieslasstsichdurchfolgendeFormelgewahrleisten:

Matrixgrof3e
AnzahlanProzessoren

guteBlockgroRe= d 1)

In Abbildung5 ist diesgut zu erkennen:
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Abbildung5: Performanceon PDGEMM aufeinem5  3-Gitter, variableBlockgrol3e

DasMaximumderPerformancéiegt beiderBlockgro3e68,laut Formelerhaltman67 1, wasalsomit
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derBerechnundibereinstimmt.
Wird die berechnetdlockgrolReallerdingszu klein oder zu grol3, weil zum Beispiel eine sehrhohe
AnzahlanProzessorexorhanderist, ist die nachfolgendé-ormelbessegeeignet:

R MatrixgroéRe .
uteBlockgroRe= d————e=a 2mita2 N 2
g g KoV (p:) @)

wobeip; g die DimensionerdesProzessajitterssind

Dadurchdassdie MatrixgroRedurchdaskgV der DimensiondesGitters geteilt wird, erhédltmandie
groistmaoglicheBlockgroRepeideralle ProzessoregleichvielLasthabena solltehierbeiwennmdglich
sogewahltwerdendasseineBlockgrofieim Bereichvon 50 - 200 zustand&kommit.
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Abbildung6: Performanceon PDGEMM aufeinem8  8-Gitter, variableBlockgroRe

Laut Formel 1 auf der vorherigenSeitemusstemandasMaximum der Performanceén Abbildung bei
einerBlockgrélRevoncircalé 1 erhaltendiegemesseMFLOPSbetragerdortallerdingsnur119485,

im Gegensatzu 172175MFLOPSbei einerBlockgréfRevon 125, wie manmittelsFormel2 errechnet.

Mit dieserbeidenFormeln,lasstsicheine,brauchbareBlockgréReerrechner{sieheauchTabelle2 im
Anhang) esseidenndasErgebnisliefert einenWertin derNaheeiner2-erPotenzdie gré3erals512ist.
Dort gibt esCache-Problemadie die PerformancesinbrecherassenDieseCacheProblemekommen
von der auf jedemProzessosequenzielausgefihrtedGEMM - Routine,sieheauch[5], bei der bei

2-erPotenzerextremviel Ladeaufvandbetriebernwird.
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(a) Blockgr Genum512beieiner2048 (b) Blockgr Gen um 1024 bei einer
2048 Matrix auf16 Prozessoren 4096 4096-Matrix auf16 Prozessoren

(c) Blockgr Gen um 2048 bei einer (d) Blockgrien um 4096 bei einer
8192 8192-Matrix auf 16 Prozessoren 16384 16384Matrix auf 16 Prozesso-
ren

Abbildung 7: Performanceeinbriicheei BlockgroRerin derNahevon 2-erPotenzen

Bei einerBlockgrof3evon 1024tretendieseProblemezumerstenMal aufundmachersichnurin einzel-
nenAusbricherbemerkbarsobaldallerdingsdie BlockgréReauf die nachste2-er Potenzansteigtoder
nochgroerwird, gibt esmassie Problemedie einenPerformance-Einbructon tiber50 Prozentach
sich ziehenund auchnicht mehrnur direkt dieseneinenWert betrefen, sondernauchdie Performance
beiumliegenderBlockgroRer(sieheAbbildung 7).

Performancevon PDSYMM

Die Voraussetzungefiir eine gute Performancesind genauwie bei PDGEMM, die richtige Wahl der
ProzesseAnordnung,der ProzesseAnzahlundderBlockgro3e Bei diesenWertensind nur minimale
Unterschiedeu PDGEMM zu erkennenwasdamit erklart werdenkann,dassPDSYMM die Routine
DGEMM mehrichfir Berechnungebenutzt somitentstehemlieselberProblemewie bei PDGEMM.

Die Prozessoc#Anomnung

Noch wichtiger als bei PDGEMM ist die ProzesseAnordnung bei PDSYMM, die Performance
schwankt stark, je nachdemob mandie Prozessorein einer Reihe,in einer Spalteoder quadratisch
anordnetDies liegt daran,dassdie Kommunikationbei PDSYMM komplizierteraufgebauist, da die
Matrix A nur zur Halfte besetzist und der Restdannauf jedemProzessohinzugefugtwird. Am lei-
stungsfahigsterst wiederdie gleich\erteilte Variante bei derkurze Kommunikationswge und bessere
Lastwerteilungerentstehen.
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Abbildung8: Performanceron PDSYMM: 9 Prozessorenjerschieden&itter, variableBlockgrole

Die ProzessoiAnzahl

Esist bei PDSYMM sehrsinnvoll ProzesseAnzahlenzu verwendendie gut teilbar sind, damit eine
moglichstgeschickteAnordnunggenutztwerdenkann; dennPrimzahlenoderandereWerte, die dann
eineunginstigeProzesseAnordnungerfordern,sind noch performance-schwachats bei PDGEMM,
sieheAbbildung9 aufdernéchsterseite.
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Abbildung 9: Effektivitdt von PDSYMM: verschieden®rozessoranzablei optimalemGitter und opti-
malerBlockgrofie

Im Allgemeinenist zusagendassPDSYMM ehermit einergeringenAnzahlan Prozessoreausgefihrt
werdensollte,dadie Routinesehrstarkan Effektivitat verliert.

Prozessoren 1 2 4 8 16 32 64 128
Zeitin s 46398 | .31944 | .18690 | .11203 | .06536 | .05345 | .03795 | .02972
Speedup 1 1.45 2.48 4.14 7.10 8.68 12.23 | 15.61

Tabelle2: Speedupbei Verwendungron PDSYMM

Die Blodkgrofie

Die grundigenderDinge,die aufSeite105zurBlockgroRegesagivurden bleibenauchhier bestehen,
nur dassdie Formelnnicht gelten.Fir PDSYMM sind BlockgroR3envon unter50, die durch 4 teilbar
sind,ideal.

Vergleich der verschiedenerOperationenvon PDGEMM
Transpositiorder Matrizen

PDGEMM bietetdie Moglichkeit, einederbeidenMatrizen,die multipliziert werden,zu transponieren.
Darunterleidet die Performanceda mittels einer externenRoutinetransponiertvird. Am schnellsten
ist die normaleMultiplikation, gefolgtvon der Multiplikation, bei der eine Matrix transponiertst. Am
schlechtesteschneidethierbeidie Berechnung/on zwei transponierteMatrizenab, wasauchklar ist,
danochbevor die Berechnundpeginnt, beideMatrizenumgerechneverdenmuissen.
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Abbildung10: Performanceon PDGEMM: verschieden&ranspositionsarianen, 9 Prozessorery,68
768- Matrizen

DasgrundlggendeVerhaltenvon PDGEMM hat sich nicht verandertdie Blockgré3espieltauchwei-
terhin eine wichtige Rolle, nur die absoluteLeistungist durch die Vorberechnungennd zuséatzliche
Kommunikationetwasheruntegegangen.

Mit der Darstellungvon Prozentzahlerkann man sehr gut veranschaulichenyie die Performance
schwankt. Die Operationmit einertransponierterMatrix ist circa 10 Prozentlangsamels die reine
Multiplikation. Die reintransponierteMatrizensindsogarum circal5 Prozenfangsamer

40— —40
Vergleich von nn mit tt
Vergleich von nn mit tn

=== Vergleich von nn mit nt
Vergleich von tn mit nt

Geschwindigkeitsnachteil in Prozent

-10 | | | | | | | -10
20 40 60 80 100 120 140
Blockgroesse

Abbildung 11: Performanceszon PDGEMM: verschiedendranspositionsarianen auf 9 Prozessoren,
Berechnungsgrundlag68 768- Matrizen
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Im Weiterenfolgen einige Abbildungen,die diese Beobachtungerzeigen,ebensokann man an der
MFLOPS- Achseerkennenwie die unterschiedliclygrol3enBlockgréRerdie Performanceeréandern.
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Abbildung12: 9 ProzessorerBlockgro3es
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Abbildung13: 9 ProzessorerBlockgroRe25
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Abbildung14: 9 ProzessorerBlockgroRers

Untersdiedliche Wertefiir

Die RoutinePDGEMM uberpruftzu Beginn, ob die Matrix C wirklich hinzuaddierwird und mit wel-
chemFaktor( = loder 6 1)oderobdurchein vonO keineAddition statt ndet. Dementsprechend
gibt esLeistungsunterschiedzwischen = 0, = lund 6 1. Fir = 0istderAlgorithmusim
Schnittcirca100Mikrosekunderundfir = 1 circa30 Mikrosekunderschnelleralsfur anderéNerte,
beieiner1000 1000Matrix auf16 Prozessoren.
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n n
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= 0.045 0.045 =
(o] (o]
N B N
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Abbildung 15: Performanceron PDGEMM: 16 Prozessorerariables
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Vergleich der verschiedeneOperationenvon PDSYMM

Die RoutinePDSYMM bietetdie Moglichkeit anzugebemb essichum eineobereoderum eineuntere
Dreiecksmatrixhandelt.Bei den genaueremBetrachtungerstellt manfest,dassPDSYMM im Schnitt
circa2 Prozenschnelleiist, wennessichumeineobereDreiecksmatrihandelt EineweitereOptionvon
PDSYMM bestehdarin,dassmanwéhlenkann,ob AB oderB A gerechnetird. DieseOptionwurde
bei der weiterenAnalysevernachlassigtia sich zwischenden beidenVariantenkeinerleiUnterschied
Zeigte.

Unterschiedliche Werteflr

Auch die RoutinePDSYMM hateine - Abfrageund Uberpriftdementsprechensaszu tun ist. Ein
von 0 bringt einendurchschnittlicherGeschwindigkitsvorteil von circa 70 Mikrosekunderund ein
von 1 ungeféahr25 Mikrosekundergegenibereinemandersgevahlten  (Werte stammenvon einer

1000 1000Matrix auf16 Prozessoren).
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Beta=2
0.104 0.104
0.102 0.102
» 01 01 o
£ £
%‘ _%,
N 0.098 = 0.008 N
&
0.096 = 0.096
0.094 0.094
T T T T
100 101 102 103 104 105
BlockgroRe

Abbildung16: Performanceon PDSYMM: 16 Prozessorenjariables

Vergleich zwischenPDGEMM und PDSYMM

Bei dem Vemleich der RoutinenPDGEMM und PDSYMM stellt man mit Erstaunerfest, dassPD-

SYMM bedeutendangsameist alsPDGEMM. Die RoutinePDSYMM benétigtmeistmehralsdoppelt
solange,um dasgleicheErgebniszu erhalten dafur hatmanmit PDSYMM aberdenVorteil, dassnur

eine Dreiecksmatrixbenétigtwird. Es ist durchausiblich, dass,falls dasErgebniseiner Berechnung
einesymmetrischéviatrix ist, mannur eine Dreiecksmatrixerhalt,und nicht die kompletteMatrix. Fur

eineanschlieRendMatrixmultiplikation entstiindedanndasProblem,dassdieseMatrix erstkiinstlich

aufgeblahtverdenmuss bevor siedannanPDGEMM - zumweiterrechnen ibegebenwerdenkann.
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Abbildung 17: Performancevon PDGEMM und PDSYMM: 4 4 -ProzesseGitter, verschiedenen
BlockgroRen.

Die Kommunikation,die entsteht,wenn eine Dreiecksmatrixzur komplettensymmetrischerMatrix
emganztwerdenmuss,ist bedeutendaufwéandigerals die bei einer komplettenMatrix. Dadurchist es
sinnvoller, falls einesymmetrischéMatrix existiert und sie nicht in Dreiecksformvorliegt, die Routine
PDGEMM zunutzen.
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Abbildung 18: DieseAbbildungentsprichider Abbildung 17, Angabenin Prozent

Die Effektivitat von PDGEMM ist bedeutendesserals die von PDSYMM, schonbei einemWechsel
von einenauf zwei Prozessoregehenbei PDSYMM fast30 Prozentan Leistungverloren,wohingeyen
PDGEMM ,nur” 9 Prozentverliert.
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Abbildung 19: Ef zienz von PDGEMM undPDSYMM

Besondersirastischst derPerformance-Einbrudbei einerPrimzahlals Anzahlvon Prozessoremnyobei
PDGEMM mit dieserTatsachenoch besseumgehenkannals PDSYMM. In Abbildung 20 sind die
absoluterTiefpunktedesVemleichsbei dengewvahltenProzesseanzahlerl7 und 19.
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Abbildung20: Geschwindigkit vonPDSYMM gegenibePDGEMM, Datenbasiererauf Abbildung19.

Vergleichvon DGEMM / DSYMM und PDGEMM / PDSYMM

Die RoutinePDGEMM ruft intern die RoutineDGEMM auf, PDSYMM hingegen ruft DGEMM und
DSYMM auf. Die beidenRoutinenDGEMM und DSYMM erledigendie sequenziellerechnunguf
jedemProzessonim folgendenwurdendie parallelenmit densequenziellefRoutinenverglichen,inter
essanterweisgind hierbeidie sequenzielle®RoutinenDGEMM und DSYMM langsameralsdie paral-
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lelenRoutinenWorandiesgenadiegt, ob die parallelenRoutineneinebesser@lockungrealisierenals
die sequenziellenasstsich nicht mit Sicherheitsagen Es kannauchdaranliegen, dassunterschiedli-
cheVersionermaufgeruferwerden,dieskannmanjedochnicht berprifendader Sourcecodaicht frei
verfugbarist.

Routne | DGEMM | DSYMM | PDGEMM | PDSYMM |
Zeitins | 3.23527360 | 3.53911656 | 3.22782028 | 3.55672908 |

Tabelle3: Sequentiellgyegeniibeparallelenversionen2000 2000Matrizen

Bei denparallelenversionerwurdemit verschiedeneBlockgréRergerechnetHierbeiemgabensichnur
geringeUnterschiedegdaherwurdendie Zeitenlberdie BlockgroRergemittelt.
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http://wwwjumpdoc.fz-juelich.de/
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http://www netlib.org/scalapack/indehtml
3. ESSL- Engineeringand Scienti ¢ SuboutineLibrary for AIX Version4.1
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http://publibboulderibm.com/clresctr/windes/public/esslbooks.html
5. . GutheilPerformanceof single-ppcessoBLASon IBM p690
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Tabellen

Gitter | Block- | Matrixgrol3e

gréRe | 500 1000 1500 2000 3000 4000 5000 6000

1x4 | 32 14327.7 15043.3 15092.4 15495.6 13535.0 12984.5 13450.4 14242.3
50 12632.7 15275.3 14925.4 16453.8 13001.2 14423.4 14509.8 13456.0
64 14758.1 15768.6 15872.5 16829.3 14261.4 13824.0 13800.0 14363.2
100 9658.9 13817.8 15616.2 17429.4 12639.1 14563.2 14154.6 14310.5
128 13800.2 16008.0 16686.8 17632.6 14292.6 15391.1 15340.2 14841.4
2%x2 32 14129.6 14276.9 15378.9 15605.7 12504.2 13262.2 13555.6 12938.6
50 14823.8 15769.3 15839.6 16510.9 12702.1 13829.7 12610.6 12751.3
64 14826.2 15427.7 16287.8 14570.7 13368.9 14669.2 14785.3 14208.3
100 10954.1 16201.0 15556.8 17417.7 17204.3 15553.9 13640.0 13964.7
128 14406.7 15594.4 17138.8 16057.1 13271.9 15436.4 14414.8 14754.7
4x1 32 14016.8 14572.1 15072.8 14843.5 12733.5 11936.3 15069.0 12848.3
50 10899.3 14726.6 15708.0 15973.8 13885.1 12131.1 13457.4 13608.5
64 14808.5 15700.1 16760.8 16190.2 13177.5 12756.7 13954.4 13911.2
100 9966.1 13764.5 16518.6 16994.8 13459.6 17749.4 15406.7 14057.2
128 14614.0 16097.1 17431.2 17206.3 13801.6 16768.0 16338.2 15742.3
siehen chsteSeite
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Gitter | Block- | Matrixgrol3e

gréRRe | 500 1000 1500 2000 3000 4000 5000 6000

1x6 | 32 18318.8 20049.9 21727.7 22064.3 16581.0 18452.0 20954.1 18690.7
50 17895.6 19148.0 22409.6 22789.0 19022.0 19761.2 21717.8 20431.9
64 14969.6 20081.0 22995.4 22304.6 18563.5 24831.5 20270.0 20345.1
100 16480.4 19476.3 20420.5 21684.6 17487.5 25249.6 20603.8 22315.1
128 13710.6 16177.0 23821.8 23023.3 17256.8 23244.6 18191.2 21985.9

2x3 | 32 19401.2 20472.6 22629.0 22916.1 16774.2 18019.1 20626.5 19196.1
50 18579.8 22416.0 23357.3 23456.0 17338.8 18818.1 20639.8 20746.4
64 18857.6 21371.7 23754.2 20750.2 17714.2 25791.2 19604.6 20691.1
100 15680.2 19945.5 24096.8 24535.4 19165.5 25346.7 19871.2 20217.1
128 12816.3 20190.1 24601.0 22219.5 25001.2 17133.3 22104.1 21837.2

3x2 |32 19477.8 21851.9 21671.4 23513.2 17379.2 24121.4 21576.7 19523.7
50 18687.3 22627.1 23220.1 23371.4 17336.7 24449.0 20824.9 21346.7
64 19345.4 22714.6 23035.7 24316.7 15927.2 16523.7 21794.2 20631.1
100 15905.2 20988.1 23219.9 24113.3 20171.4 25097.4 19094.9 21492.6
128 15097.9 21619.6 23990.9 24638.4 17296.9 25388.5 19925.1 20410.6

6x1 |32 17929.1 19276.8 21000.3 22371.3 16292.1 18429.0 21082.7 16643.0
50 17392.9 18586.3 21782.7 22463.3 17641.0 23740.8 19175.1 19616.9
64 15407.7 21014.5 23446.0 22708.2 17130.8 18936.2 21979.4 18214.2
100 16935.1 19736.4 20763.2 22261.0 19524.1 24650.7 21457.6 20824.9
128 14478.2 16345.6 24431.5 23194.0 25481.6 23702.9 18567.5 20621.7

Tabelle 1: Vemleich von verschiedenerGittern mit variabler
BlockgroRRebeiunterschiedliciMatrizen

Prozessor Gitter Optimale Zeit Ef zienz Speedup
Anzahl BlockgroRe
1 1x1 32 42079163 | 100.00 1.00
2 2x1 504 .22047365 | 95.43 1.91
1x2 504 .22293890 | 94.37 1.89
3 3x1 336 15033436 | 93.30 2.80
1x3 168 15377045 | 91.22 2.74
4 4x1 256 .12015736 | 87.55 3.50
2x2 168 .11630738 | 90.45 3.62
1x4 256 12051404 | 87.29 3.49
5 5x1 200 .09310162 | 90.39 452
1x5 200 .09646726 | 87.24 4.36
6 6x1 168 .08003068 | 87.63 5.26
3x2 168 .07859159 | 89.24 5.35
2x3 168 .08026040 | 87.38 5.24
1x6 168 .08299470 | 84.50 5.07
7 7x1 144 .06913877 | 86.95 6.09
1x7 144 .07204616 | 83.44 5.84
siehen chsteSeite
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Prozessor Gitter Optimale Zeit Ef zienz Speedup
Anzahl BlockgroRe
8 8x1 124 .06630576 | 79.33 6.35
4x2 63 .06300080 | 83.49 6.68
2x4 126 .06206417 | 84.75 6.78
1x8 124 .06660938 | 78.97 6.32
9 9x1 112 .05759871 | 81.17 7.31
3x3 84 .05373299 | 87.01 7.83
1x9 112 .06038260 | 77.43 6.97
10 10x1 100 .05681002 | 74.07 7.41
5x2 100 .05207336 | 80.81 8.08
2x5 100 .05250967 | 80.14 8.01
1x10 100 .05743062 | 73.27 7.33
11 11x1 96 .05227327 | 73.18 8.05
1x11 92 .05375373 | 71.16 7.83
12 12x1 84 .04995596 | 70.19 8.42
6x2 168 .04305708 | 81.44 9.77
4x3 84 .04130650 | 84.89 10.19
3x4 84 .04056323 | 86.45 10.37
2x6 168 .04379416 | 80.07 9.61
1x12 28 .04914212 | 71.36 8.56
13 13x1 80 .04713655 | 68.67 8.93
1x13 76 .04915500 | 65.85 8.56
14 14x1 72 .04472661 | 67.20 9.41
7x2 48 .03881466 | 77.44 10.84
2x7 48 .03781235 | 79.49 11.13
1x14 24 .04455829 | 67.45 9.44
15 15x1 68 .04483080 | 62.57 9.39
5x3 67 .03413856 | 82.17 12.33
3x5 67 .03407776 | 82.28 12.34
1x15 68 .04616141 | 60.77 9.16
16 16x1 64 .03706253 | 70.96 11.35
8x2 62 .03285336 | 80.05 12.80
4x4 126 .03128493 | 84.06 13.45
2x8 63 .03325737 | 79.08 12.65
1x16 64 .03910947 | 67.24 10.76
17 17x1 64 .03783441 | 65.42 11.12
1x17 60 .03814173 | 64.90 11.03
18 18x1 56 .03588355 | 65.15 11.73
9x2 56 .03034425 | 77.04 13.87
6x3 84 .02942288 | 79.45 14.30
3x6 84 .02878416 | 81.22 14.62
2x9 56 .03094268 | 75.55 13.60
1x18 56 .03629863 | 64.40 11.59
19 19x1 53 .03622675 | 61.13 11.61
1x19 53 .03581226 | 61.84 11.75
siehen chsteSeite
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Prozessor Gitter Optimale Zeit Ef zienz Speedup
Anzahl BlockgroRe
20 20x1 50 .03523636 | 59.71 11.94
10x2 50 .02925181 | 71.93 14.39
5x4 50 .02703536 | 77.82 15.56
4x5 50 .02787900 | 75.47 15.09
2x10 50 .02895558 | 72.66 14.53
1x20 50 .03557479 | 59.14 11.83
21 21x1 48 .03211558 | 62.39 13.10
7x3 48 .02679718 | 74.78 15.70
3x7 48 .02599728 | 77.08 16.19
1x21 48 .03325963 | 60.25 12.65
32 4x8 63 .01883137 | 69.84 22.35
36 6x6 168 .01667798 | 70.08 25.23
48 6x8 42 .01517379 | 57.77 27.73
64 8x8 125 .01161611 | 56.60 36.22
72 8x9 125 .01323414 | 44.16 31.80
96 8x12 42 .01131868 | 38.73 37.18
128 8x16 62 .01007235 | 32.64 41.78

Tabelle2: Vemleichevon verschiedenefittern mit unterschied-
licher Anzahl an Prozessoreres wurden Matrizen der Grol3e
1000 1000benutzt.
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