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Abstract

In this paperwe demonstratdiow a computational
physicsapproactbasednadiscreteparticlemodel

canbe emplgyed for the visualizationof magnetic
eld lines. This canbe regardedasanillustration

technigudor theunderlyingvector eld. Toaccom-
plish this, a modelfor ellipsoidal shapedparticles
consistingof ferromagneticmaterialsis described
in combinatiorwith a parallelsimulationalgorithm

basedon an electrostaticallyenhancedViolecular

Dynamicsapproach For interactive viewing of the

time-dependensimulationdata, a hardware-based
projection algorithm for the perspectiely correct
renderingpf largenumbersof illuminatedellipsoids

is presented.

1 Intr oduction

Experimentalvisualizationof magnetic eld lines
is a well-known technique. Probablyno student
leaves schoolwithout having seensimple demon-
strationscarriedout with a permanentnagnetand
someiron lings. With thissimpleandyetpowerful

experimentit is possibleto gain muchinsightinto

the structureand propertiesof magnetic elds. So
why not also usethis methodmost peopleare fa-

miliar with in a computergraphicstool to illustrate
the shapeof magneticelds, e.g.in educatioror in

popularscienti ¢ publications? This could be es-
pecially useful,if realexperimentsarenot possible
dueto a complicateexperimentsetupor large scale
elds which cannotbereproducedn asmallscale
experimentareinvolved.

In this paperwe present physicallybasedsimu-
lation methodfor the dynamicbehaior of particles
of ferromagnetiomaterialsin an appliedmagnetic
eld. Usingafull three-dimensionaiodelallows
for the simulationof a wide rangeof phenomena
that canbe obsenred during the alignmentprocess
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of the particles,e.g.particlesthatpile up or arere-
strictedin motion dueto their shape. It is impor
tantto model several physicalpropertiesand laws
that are involved. First, thereare the mechanical
propertiesof the particles,e.g.their sizeandshape
and materialpropertiedlik e friction coefcients or
elasticity that,in coactionwith for examplegravity
or obstaclegeometry in uence the motion of the
particlesand their interactionwith adjacentparti-
cles.As largenumberof nite-sized particleshave
to be usedin orderto produceillustrationsthatre-
semblethe appearancef real world experiments,
typical rigid body simulation approachesknown
from computeranimationdo not sufce. Instead,
methoddrom computationaphysicsthatdealwith
large mary-particle systemshave to be used. For
themagnetostatiimteractionbetweerparticlesand
betweenparticlesand an external magnetic eld,
two additionaleffectshave to beincorporatedThe
magnetizatiorof a particledueto thegivenexternal
magnetic eld andthe inducedmagnetic elds of
the otherparticles,andthe forcesandtorquesact-
ing onthe particlesasaresultof that.

Furthermore,since for a reasonablesimulation
the size of the problem, given by the numberof
discreteparticles,can easily exceed100,000inter
actingobjects,this computationataskis only fea-
sible when high performancecomputerdik e large
sharedmemorymachinesor clustercomputersare
used.In thiswork a MPI-based?2] implementation
is presentedhat allows us to simulatelarge num-
bersof particleswhile moderatecomputingtimes
areachieved.

2 RelatedWork

Traditionally, thevisualizationof magneticelds or
more generalvector elds is donevia eld lines.
But thereare also mary problemsassociatedvith
thisapproachHow to nd appropriateseedpoints?
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How to achieve a reasonableaoverageor line den-
sity, especiallyin 3D? Mary lines have to be pre-
computedn orderto visualizethewhole eld. An-
otherpopularmethod known asLine Integral Con-
volution (LIC), thataddresseatleastsomeof those
limitationsin away thatit producesa denserepre-
sentatiorof thewhole eld, hasbeentheancestopf
anentirefamily of modern o w visualizationmeth-
ods,cf. [9] for anoverview.

Although, the magnetic eld is a vector eld,
it is in factno ow eld. Thereforeconventional
LIC is not very well suitedfor visualizing mag-
netic elds. An improved methodthatwasspeci -
cally designedor vector elds thatexhibit no typ-
ical ow behaior suchaselectric elds, waspre-
sentedby Sundquis{14]. This method,calledDy-
namicLine Integral Corvolution (DLIC), addresses
the fact thatin electromagneticelds, unlike ow
elds, thedirectionof themotionis not necessarily
thedirectionof the eld itself.

The methodwe wantto presentin this paper in
turn, is not meantto be an alternatve to the above
mentionedalgorithmsfor interactve visualization
in scienti ¢ applicationsput ratherasawayto gen-
eratenear photo-realisticillustrations of magnetic
elds that canbe usedfor examplein educational
or instructionalcontexts.

The dynamicbehaior of particlesin magnetic
elds is still subjectof currentresearctin computa-
tional physics.Mostof thepublishedoapergegard-
ing the simulationof the behaior of granularmag-
netizablematerialsfocus on the investigationand
improvementof the compactionprocessin manu-
facturingof magneticmaterialssuchaspermanent
magnetor magneticecordingmedia[7].

3 Simulation of Particles in a Mag-
netic Field

In orderto achieve realistic and visually pleasing
illustrationslarge numbersof particleshave to be
used. From our experimentswe found that, de-
pendingon the underlyingmagnetic eld andthe
resolutionof the generatedmages,at least30,000
to 50,000particlesshouldbe used. Although, for
someof ourexperimentsve usedupto 100,000par
ticlesto achieve satisfyingresults.For suchalarge
numberof distinct objectsthe well-knovn meth-
odstraditionallyusedin computeranimationareno
longer feasible. Insteadwe have to use methods

from computationaphysicswheredynamicmary-

particle systemsconsistingof several thousandgo

millions of particleshave attractedthe attentionof

researcherfor morethan50 years. Thereare sev-

eralwell-knowvn andwidely usedmethodsavailable
thatcouldbe appliedto our problem.We have cho-
sena MolecularDynamicsapproactthatis known

to deliver realisticresults takesthe geometricrela-
tionshipinto accountwhichis crucialin agraphics
application,andis alsoeasyto parallelize.

Molecular Dynamics(MD) is a commontech-
nique for the simulation of large numbersof dis-
tinct particles,e.g.in the study of atomic clusters,
in biomoleculamodeling,the simulationof liquids
or granulamatter Eachmoleculambject,e.g.atom
or smallmolecule,is representethy a single parti-
cle or masspoint thatinteractswith otherparticles
andits ervironmentvia pairwisepotentials.In basic
MD theevolutionin time, i.e.thetrajectoriespf the
particlesis computedoy integratingthe Newtonian
equation®f rigid bodymotiondependingnforces
derived from the given interaction potential and,
maybe,externalforces. Wherebythe actualpoten-
tial hasto be deducedrom certainphysicallaws,
e.g.vanderWaalsforces. This simplemicroscopic
modelcanbeextendedo a macroscopienodelthat
canhandletheinteractionof particlescomposeabf
millions of moleculesFor suchamodel,obviously,
a simple potentialfunction is not sufcient to de-
scribetheinteractionbetweertwo particles.There-
fore, somekind of geometricparticle-particlanter-
action potentialhasto be de ned. For two elastic
particlesthat cannotinterpenetrateachother the
expectedqualitative behaior of the contactpoten-
tial would be asfollows: Neglectingadhesionthe
two spheresio not exertary forceon eachotheras
long astheir surfacesdo not touch, but assoonas
they getin contactwith eachothertheballswill de-
form andarepulsve forcewill arisebetweerthem.
The greaterthe deformation,the greaterthe repul-
siveforce.

In traditionalrigid body collision systemsa hard
objectmodelis used,jn which collisionsaretreated
by applyinglinearmomentumatthetime of contact
betweertwo objectsandrestartinghetime integra-
tion. Thus,for mary tightly pacled objects the ef-
fective time steptendsto getvery small. In MD a
constantiime stepis used. That means,nsteadof
enforcingthe constraintthat particlescan not pen-
etrateeachother the assumptiorthat the two col-
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liding particlesundego a slight elasticdeformation
is introduced.In this, so-calledsoft particle model,
the overlap, that occursdueto the fact that essen-
tially the particlemodeldoesnot re ect thosevir-
tual deformations provides a measurefor the re-
pulsive force andis calledvirtual overlap. There-
sulting repulsionforce is typically modeledby the
behaior of adampechonlinearspringactingin the
direction of the collision normal. Additionally to
thesenormalforces,e.qg.frictional forcesfor graz-
ing contactanbemodeled.

3.1 Particle Model

Most particledynamicscodesstill usea very sim-
ple, sphericalparticle model. In this work, in-
stead, generalellipsoidal particles, i.e. ellipsoids
with no restrictionsconcerningthe lengthsandra-
tio of the three semi-axes, are used. There are
several reasonswhy we use ellipsoidal particles
for the simulation. First of all, it provides us
with a reasonablgood approximationto real par
ticle shapes,;suchas the iron lings we want to
simulate. Although more elaborateparticle mod-
els,e.g.superellipsoidalforms[16], multi-element
approache$3] or polygonalapproximationg11],
have beendescribedhatmayprovide anevenbetter
coincidencewith the shapeof realparticles theuse
of ellipsoidshassomeadditionaladvantagesThey
canbe analyticallydescribedn avery simpleway,
but neverthelessprovide a wide rangeof different
particle shapesyangingfrom sphericalover elon-
gatedor needle-lile formsto oblateor disc-shaped
objects.Furthermorethe ellipsoidalshapesxhibits
certainmagneticpropertiesthat are importantfor
the computatiorof the particlemagnetizationFer
romagneticsamplesare more easilymagnetizedn
the directionof greaterextentthanin others,caus-
ing ananisotroy of the magnetization.Therefore,
sphericalparticlesare not well suitedfor our pur
pose.

In orderto performa MD simulation,a method
for nding particle-particlecontactsand comput-
ing the overlap betweentwo generalellipsoidshas
to be introduced. Unlike the sphericalcase,de-
terminingif two generalellipsoidsintersector are
separatedrom eachotheris no trivial task. There
areseveral methodse.g.[18], that have beenpro-
posedfor nding the intersectioncurve of two el-
lipsoidsin three-dimensionadpace.But aswe are
only interestedin the fact whetherthereis anin-

tersectionandif this is the casehow large the ac-
tual overlap is, our problemis slightly different.
A special contactfunction for ellipsoids that ac-
complisheghat taskwas proposedby Perramand
Wertheim[13] for Monte-Carlosimulations.Other
algorithmsfor contactdetectionand overlap com-
putationin discreteelementsimulationsare based
onsolvingquarticequationg15] or ageometrigo-

tential concepf{10]. Thedravbackcommonto all

thesemethodsis thatthey all rely on numericalit-

erationtechniquedor either solving the resulting
differential equations, nding rootsor minimizing

functions.

In orderto improve the robustnessandthe speed
of the initial collision testwe emplg/ an algebraic
criterion for the separatiorof two ellipsoids[17].
It requiresno iterative computations,and thus is
moreef cient andexactcomparedo theaforemen-
tionedmethods.In [17] it is shavn thattwo ellip-
soidsof the form Gy(x) = xtAxx = 0 have anin-
tersectiorif andonly if theircharacteristiequation
f(I') := det(/ Aj+ Aj) hasatmostonedistinctpos-
itive root. Given that only the signsof the roots
areimportant,the taskof decidingwhetherthe el-
lipsoidsintersectcanbe accomplishedvithout ex-
plicitely nding thoseroots|[6].

If a contactwas detectedthe virtual overlap of
the ellipsoid pair hasto be computed.This is done
with an iteratve methodbasedon a steepestle-
scentapproachthat nds the two points of deep-
estpenetrationhereaftereferredto asthe contact
points Fig. 1 shavsasimpli ed conceptuaVview of
the algorithm. Startingwith aninitial guesson the
boundaryof the rst ellipsoid G1(x) = 0, walking
tangentiallyalongthatboundaryin away thatmin-
imizesthevalueof thefunctionG,(x) the rst con-
tactpointis found. Thedescendinglirectionis cho-
sendependingnthegradientof thetwo quadratic
forms. Thelocally strongesminimizationis to be
expectedin the direction of the negative gradient

NG»(x). But asthis gradientis not mandatory
tangentialto the surfaceof the rst ellipsoid, it has
to be projectedinto the tangentialplanein orderto
nd dj, thedirectionof descentFor agivenapprox-
imation g, the next point g1 is found by walk-
ing alongthe straightline g; + | d; with stepsize
h> 0 andprojectingthe pointg;, ; = g; + hd; back
onto the surface G1(x) = 0. The contactpoint qc
is reachedassoonas NG (x)kNG,(x), whichis a
reasonablassumptiorfor small overlaps.Thereby
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Figurel: Findingthe contactpoint.

specialcarehasto betakenaboutthe“leapingover
the contactpoint” thatcanoccurif the stepsizeh
is chosertoo large. In this case,adaptingthe step
sizeto h:= h=2 ensuresorvergence. The virtual
overlapis thengiven by the Euclideandistanceof
thetwo contactpoints.

3.2 Magnetic Interaction

We usean extremelysimpli ed but still physically
basedmodelfor the magneticpropertiesandinter-
actionsof our particles.First of all we assumehat
eachparticlecanberepresentetly a singlemacro-
scopicmagneticdipole m = VM accordingto its
currentmagnetizatiorvectorM andits volumeV.
Then,computingthe magneticinteractionconsists
of two mainaspectsmagnetizatiorof the particles
andforcesandtorquesactingonthe particlesdueto
the magnetic eld they are exposedto. This mag-
netic eld consistspnthe onehand,of theapplied
externalmagneticeld Hegt and,ontheotherhand,
of the secondarynduced elds Hj = Bj=ng of all
magnetizegarticles.

First, the forcesandtorquesacting on the parti-
clesdueto the magnetic eld they are exposedto
have to be consideredThesearegiven by

F=N(m B) and t=m B;
whereB is theinductionof themagneticeld given
by thesuperpositiomf He andthedipole elds Hjj
of all otherparticles.This canbewrittenasanaddi-
tional pairwiseparticle-particlanteractiontermfor
theMD simulation.

Computing the particle magnetizationrequires
some more effort. We use a micromagnetic
approachthat reducesthe problem to a multi-
dimensionaminimizationproblemof thetotal free
magneticenegy. Accordingto [8] this enegy of a

ferromagnetigoarticlein a magnetic eld is given
by

E= E,+ Eg+ Ec+ Ee+ Es ; 1

whereE; denoteshe enegy of the sampledueto
the torquethe external eld H = Heq+ 4 Hj ex-
ertsontheelementarydipoles(Zeemareneny), Es
representtheenepgy of theparticlein its own mag-
netic stray eld, E; andE. the magnetocrystalline
anisotroy enepgy that arisesfrom the alignment
of the elementanydipoleswith respecto the crys-
talline structureof the materialand the exchange
enepy thatoriginatesrom theinteractionof theel-
ementarydipoles, respectiely. The last term Es
denoteshe magneticstressanisotroy enegy that
is causedby stressexerted on the samplescrys-
talline structure.

We simplify this expressiorby introducingsome
more assumptionsFirst, we assumehat the parti-
cleswe dealwith are quite small,i.e. they consist
of only onemagneticdomain. Thus,the exchange
enepgy can be negylected. We also negglect E; and
no stressis taken into account. Last, we assume
thatthe particle magnetizations always saturated,
i.e.jMj = Ms. With theseassumptionshetotal en-
ergy reduceso E = E;+ Es. Only two termsare
left: TheZeemarenegy andthe self-enegy of the
particlein its stray eld Hs. As Hs is alwaysact-
ing againstthe particle’s magnetizationit is also
calleddemanetization eld. This eld introduces
an anisotroy dependingon the shapeof the sam-
ple. In generalthe demagnetizatiotensorN that
characterizeshe shapeanisotroy and, therefore,
Es are very complicatedto compute. But, dueto
the simple symmetriesof the ellipsoidal shapethe
demagnetizatioreld insidethe ellipsoidis homo-
geneousndthedemagnetizatiotensoris diagonal
andits elementsanbe computedvery easily[12].
Thus,themagneticenegy of theith particlecanbe
expressedn termsof the magnetizatiorvectorsM |
of all particlesasfollows:

3
Ei= mViMi Hi+ imM2Vi § Nado ()
k=1
with
o 3(Mj rij)rij M!'

-2 1p - 1 :
HI a n?’B] 4P aV] jrijjs
j6i j6i

Irij)

1

and the direction cosinesa, of M; with respect
to the half-axes vectorshy of the ellipsoid. This
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yieldsa systemof non-linearequationghathave to
be minimized simultaneouslyfor the directionsof
then unknavn vectorsM;.

min :

®)

Findinga minimumfor this systemswvould be very
time-consumingfor a large number of particles.
Therefore we further assumehatfor eachparticle
M is constantor all j & i duringtheminimization,
thuslinearizinganddecouplinghesystem.This al-
lows usto solwe for thedirectionsM ; independently
by meangf aconjugatedyradientterationmethod.

3.3 Parallel Implementation

The completeMD simulationalgorithmis imple-
mentedn C++usingMPI [2] to distributethecom-
putation over the nodesof a PC cluster A cell-
basedspacepartitioning schemetypically referred
to asthe linked-cell-listapproachs usedto speed
up the computationof the contactforces. In con-
trastto the short-rangecontactpotentialthe mag-
netic interactionsare not limited to the vicinity of
a particle,i.e. eachparticleinteractswith all other
particlesin the simulationarea. Therefore,a sim-
ple approachas usedfor the mechanicalparticle-
particleinteractionis notsufcient. Although,there
have beenmary different methodsproposedthat
speedup long-rangeinteraction computationsin
mary-particle simulations thesetechniquesre ei-
ther only applicableto periodic systemsor rather
complec to implement. Therefore we have chosen
asimpli ed versionof a PPPMtechniqugParticle-
Particle Particle-Mesh)proposedn [4] thatis quite
similarto thelinked-cellmethodusedfor the short-
rangeinteractions.lt is basedon the following ob-
senation: The strengthof the magnetiadipole eld
of a particle varieswith the inverseof the cubeof
the distancefrom the particle's centerand the re-
spectve forcesarising betweenparticlesdecrease
even faster Taking into accountthat all particles
are of approximatelythe samesize and assuming
thatthey arerelatively evenly distributedin space
it is possibleto usethe spatialpartitioningto speed
up the computationof the magneticinteraction,as
well. Thedirectparticle-particlanteractionis com-
putedonly for the particlesinsidethe samecell and
the26 neighborcells. Thecontritutionsof all other
particlesareapproximatedn apercell basis.First,
for eachcell a “virtual” magneticdipole is intro-
ducedthatis de ned by the centerof massof the

particlesin the cell andthe sumof their singlemag-
neticmoments.Then,for eachcell centerthe mag-
netic eld generatedby all othercells—ecludingthe
cellitself andits neighbors—i€omputedrom those
“virtual” dipoles.Thisgivesusanapproximatiorto
the eld of thefartheraway particles.Thus,H; can
beapproximateds

Hi & %Bj + Hgrid » 4)
j2Whi

with Wbeingthe setof indicesof the particlescon-
tainedin thecell theith particleis locatedin andall
of its 26 neighborcells.

To achieve the maximumparallelism,an evenly
distributed load for all usedclusternodesis nec-
essary Therefore,dynamicload balancingusing
graphpartitioning functionsfrom the ParMetis li-
brary[1] is used. The cells of the spacepartition-
ing are assignedo the clusternodesaccordingto
the partitioning computedwith a k-way partition-
ing algorithmfrom the weighteddual graphof the
grid cell structure. The verticesand edgesof the
graphareweighteddependingpnthecomputational
load, i.e. the numberof particle-particlecomputa-
tions that have to be carriedout for this cell, and
the communicationakffort, i.e the amountof data
thathasto be transferedpotentiallyfrom onecom-
putenodeto anotheiif thetwo neighboringcellsare
locatedon differentnodes.

4 Particle Rendering

Duringtheparticlesimulationsteplargeamountsof
time-dependensimulationdataare produced. For
most of the exampleswe have computed,50,000
particlesor morewere usedandthe simulationre-
sults in more than 1,000 saved time steps. That
meansseveral gigabytesof total simulation data
have to be handled.Renderinghatmary particles
at interactve ratesbecomegediouswhen a suf-

ciently smoothgeometricrepresentatiomnf the el-
lipsoidsis required,dueto the large amountof ge-
ometrythatis involved. Even whenOpenGLdis-
play lists or vertex arraysare emplg/ed the frame
ratesthat can be achieved for reasonablysmooth
tessellateetllipsoidsarefar from beinginteractve.
Therefore,we have come up with a solution that
breaksdown the generatedjeometricdataperren-
deredellipsoidto a singlevertex positionwith two
additionalpervertex attributes. The basicideais to
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renderjustasingleOpenGLpointperellipsoidand
exploit the programmabilityof both the vertex and
the fragmentprocessingpipeline of recentgraph-
ics processinginits (GPUSs)in orderto computethe
perspectiely correctprojectionof a Phong-shaded
ellipsoiddirectly onthe graphicsboard thusavoid-
ing the bottleneckof the AGP bus in exchangeof
highervertex processin@ndrasterizatioreffort. As
only one extendedpoint primitive is renderedfor
eachellipsoid our approachcould be also thought
of asakind of splattingmethod.

Our approachs very similar to onerecentlypre-
sentedby Gumhold[5]. But our methodis also
different from this methodin that we reducethe
amountof information that hasto be transferred
overthe AGP busto the necessaryninimum. Each
ellipsoidis representedy its centerpoint ¢, a half-
axis vector h and a quaternionq describingits
orientation. Thesethree values can be encoded
into the 3D vertex position, the normalvectorand
the four elementvertex color attribute of a single
GL_POINT primitive. Thus,only ten oating point
values,or 40 bytes, per ellipsoid have to be trans-
feredoverthe systembusto the GPU.

Theroughoutline of the algorithmis asfollows:
First, for eachellipsoidthe screenareathatis cov-
ered by its perspectie projectionis determined.
Then,the fragmentsthat actuallylie insidethe sil-
houetteof theprojectionhave to bedeterminedFor
eachpixel coveredby thepoint primitivearay from
the eye-pointthroughthat pixel is computed.This
eye-ray is intersectedwith animplicit representa-
tion of the ellipsoid in orderto decideif the frag-
mentbelongsto the projectedboundaryor not. De-
pendingon this the fragmentis eitherdiscardecbr
the intersectionpoint and the ellipsoid normal are
computedor shadingheresultingpixel.

Associatedvith eachellipsoidthereis alocal co-
ordinatesystemin whichits boundarycanberepre-
sentedmplicitly by thequadraticorm

n o

Xjkxk? = 1 (5)

Startingfrom Eqn.(5) theworld spacedescription
n o}

xikM 1(x ok®=1 (6)

of the ellipsoid canbe derived, whereM = QH is
a symmetric,positive de nite matrix given by the
scalingmatrix H = diag(h) andtherotationmatrix
Q= R(q) thatdescribesheorientationwith respect
to thelocal coordinatesystem.

4.1 Ellipsoid-Ray Intersection

Inthe rst stepof therenderingalgorithmthescreen
areathatis coveredby the perspectie projectionof
theellipsoid's shellis found by projectingthe eight
cornersof its boundingbox into clip space.Since
OpenGLpointsarealwayssquarethe point sizeis
de ned by thelongeredgeof the axis-alignedrect-
angle enclosingthe projection. This is clearly a
dravback of our approachsincemary fragments
have to be consideredn the following stepsthat
could be excluded if a non-axis-alignedscreen-
spaceareacould be used. But in fact this is only
aproblemif the ellipsoid projectsto aratherlarge,
non-axis-alignedcreerarea.

Thenext stepisto nd thosefragmentf theras-
terizedpointthatindeedbelongto the projectionof
the ellipsoid. This is doneby intersectingthe eye-
rays,passinghrougheachfragmentwith theellip-
soid. If thereis at leastoneintersectionpoint the
fragmentbelongsto the projection,otherwiset has
to bediscarded Intersectinga straightline with an
ellipsoid is not dif cult, but evensimplerin its lo-
cal coordinatesystem.Becausell transformations
we have to dealwith areaf ne it is quite obviousto
transformthe eye-rayinto objectspaceandthendo
asimpleray-spherentersectiorcomputation.

Thepointd= M 1(e c), theorigin of oureye-
ray in objectspacejs constanfor all fragmentsof
the projection,andthus, hasto be computedonly
once per ellipsoid. In contrast,the ray direction
d hasto be computedfor eachfragmentindepen-
dently Sincewe renderonly a single point it is
not possible e.g. to exploit the linearinterpolation
of vertex attributesduring the rasterizatiorfor the
computationof d, asit is donein [5]. Insteadwe
have to computeit from the currentfragmentposi-
tion in screenspace. Thenthe actualintersection
computatioris very easy Insertingtheray equation
&+ | d into Eqn. (5) yields

dtds 2+ 2&dl + &8 1=0; (7)
which hasto be solvedfor theintersectiorparame-
terls.

4.2 Shadingand Depth Corr ection

For a perfragmentcorrectlighting of the ellipsoid
we have to computethe surfacenormalin theinter
sectionpoint. Fortunately the point of intersection
%= &+ | d is identicalto the normalizedsurface
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normal. ComputingperfragmentPhong-lightingis
now straight-forvard. Lastthe correctdepthorder
ing of the renderedobjectsis ensured. For each
fragmentthe depthvalue hasto be computedand
written to the z-Buffer. This is done by trans-
forming the point of intersectionto world space,
s= M3+ ¢, andapplyingthe modelview andpro-
jection transforms. Perspectie division anddepth
rangemappingyieldsthe correcteddepthvaluefor
eachfragment.

4.3 OpenGL Implementation

We implementedhe describedalgorithmbasedon

the NVIDIA (NV) aswell asthe ARBvertex and
fragmentprogramextensions. As mentionedbe-
fore,thethreepropertieshatde ne anellipsoidare
speci ed by the attributesof a singlevertex. These
verticesarerenderedrom vertex arraysin orderto

achieve the maximumthroughputof the AGP bus
transfer For eachtransferredvertex, a vertex pro-

gram computesthe point size and position of the
OpenGLpoint thatcoversthe 2D projectionof the
ellipsoid. Additionally, all valuesthatareneededn

thefragmentprogramandare constanffor all frag-

mentsof the respectre ellipsoid are also precom-
putedin thevertex programandpassean asvertex

attributes.Thenthefragmentprogramcomputeshe
eye-ray throughthe currentfragmentposition and
checksfor intersectionwith the ellipsoid. If there
is nointersectiorthe fragmentis discardedtexkil).

Otherwise fragmentcolor anddeptharecomputed
accordingto the intersectionpoint and the respec-
tive lighting model.

5 Results

Threedifferentscenariodllustrateourmethod:The
magneticeld of a barmagnetthe combined eld
of two solenoidsandthe eld excited by four cur
rent carrying conductors.Initially, in all examples
the particleswererandomlyorientedanduniformly
distributedin a thin layer above the groundplane.
All imagesare shavn on the accompayping color
plateandwererenderecbnaNVIDIA GeForceFX
5950basedgraphicscard.

The rst example,shavn in Fig. 3, is a rather
small setup. Here, only 6,000 particleswere used
to illustratethe eld of a bar magnetpositioneda
shortdistancebelav a thin magneticnon-shielding
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Figure2: Renderingspeeddependingon the num-
berof visible particlesandwritten fragment3.

plate,e.g.glassor paper Neverthelessthe general
structureof the underlying eld is clearly visible,
even for this small numberof particles. On four
2.8GHzPentium4 PCsconnectedby GigabitEther
netthe 30,000time stepsof the presenteagxample
were simulatedat approximately0.6s per simula-
tion step. However, for morecomple elds anda
bettervisual quality, i.e. imagesthat resemblethe
picturesof real-world experiments,more particles
shouldbeused.We have foundthatusing20,000to
100,000particlesleadsto reasonablyoodresults.

In the secondimage, Fig. 4, a variation of an-
othertypical exampleoftenusedin introductionary
texts on electromagnetisnis shavn: The eld of
two solenoidsi.e. coilswith anair core. Someaddi-
tional geometryis usedin Fig. 4 to depicttheplate,
theparticlesarestrevn on, andthecoils. Thesimu-
lationtime for the 20,000time step<of thisexample
wasbelav 0.5spersteponaeightPCscluster

As alastexample Fig. 5 shavs asmallsectionof
a simulationwith four electricconductorsat differ-
entzoominglevels. In this example100,000parti-
cles of differentshapesvere used. Note how the
particles pile up due to the strong attractionex-
erted by the magneticforce in the vicinity of the
(herenot shawvn) wire. Fig. 2 shavs the rendering
speedbor this example, Notethatthe written frag-
mentsare considerabljessthenthe actualnumber
of fragmentsthat have to be computedn the frag-
mentprogram. This is especiallybad asthe frag-
mentkill instructiondoesnot terminatea fragment
program. Thatmeansif fragmentsaremasled out
becaus¢hey arenotcontainedn theellipsoidspro-
jection, the samenumberof computationss car
ried out asfor fragmentsthat are actually written

2pentium4 2.8GHz,GeForceFX5950;512 viewport.
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to the frame buffer. Moreover, if the kill instruc-
tion is usedor fragmentdepthsare written in the
fragmentprogrameventheearlyz-buffer testis dis-
abled.Thus,theachievedframeratedepend®nthe
numberof renderedpoint primitives, i.e. speedof
AGPbustransferandthenumberof generatedrag-
ments,i.e. fragmentprocessingspeed. When we
startto zoomin, the framerateincreasesspoints
are culled at the view frustum. As the rendered
pointsgetlarger, i.e. the projectedareaof the ren-
deredparticlesincreasesthe framerateapproaches
anupperlimit. Then, asthe numberof generated
fragmentsstartsto grow very fast,sincelarge parts
of theviewport arecoveredby imagesof ellipsoids
andthe depthcompleity is quite high, the render
ing speediropsconsiderablyThisrevealsthemain
dravbackof our algorithm: we have tradedraster
ization speedfor bus transfer Therefore,the pro-
posedalgorithmis bestsuited for settingswhere
mary particleswith arelatively smallprojectedarea
perparticlehave to berenderedvhile still maintain-
ing the possibility of seamleszoomingon partsof
the image containinga small numberof particles
with alargerscreerspaceootprint.

6 Conclusions

In this paperwe have shavn that a physically-
basedmodeling techniquethat utilizes methods
from computationalphysics can be successfully
usedfor computergraphicsapplications. Using
a Molecular Dynamicssimulation algorithm, it is
possibleto generatellustrationsof the structureof
magneticeld linesby meansof a discreteparticle
simulation. A parallelimplementationon a clus-
tercomputemprovidesthe possibility for simulating
reasonablysizedexamplesin moderatetime inter-
vals. This hasbeenshawn for practicalexamplesof
upto 100,000particlesin complex magneticelds.
In addition, a hardware-acceleratedlgorithm for
the perspectiely correctrenderingof illuminated
ellipsoidsis presentedThe proposedenderingap-
proachreducesthe amountof datathat hasto be
transfereaverthe AGPbusto aminimum,andthus
permitstherenderingof large, time-dependergim-
ulation datasetst interactve rates. The presented
resultsshaw that the illustrationsthat can be gen-
eratedusingthe proposednethodresemblehe ap-
pearancef realworld experimentswith ferromag-
neticpowders.
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Figure3: The eld of abarmagneitllustratedwith 6,000ferromagnetigarticles.

Figure4: The eld of two solenoids.30,000particleswereusedfor the simulationandrendering.

Figure5: A smallsectionof theresultof asimulationusing100,000particlesin orderto depictthe eld ex-

ited by theelectriccurrentsunningthroughfour conductorgperpendiculato thebaseplane. Thehardware-
acceleratedenderingalgorithmallows interactive viewing of thetime-dependendatasetincludingseam-
lesszoomingin high quality.
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