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Abstract

In this paperwe demonstratehow a computational
physicsapproachbasedonadiscreteparticlemodel
canbe employed for the visualizationof magnetic
�eld lines. This canbe regardedasan illustration
techniquefor theunderlyingvector�eld. Toaccom-
plish this, a model for ellipsoidalshapedparticles
consistingof ferromagneticmaterialsis described
in combinationwith aparallelsimulationalgorithm
basedon an electrostaticallyenhancedMolecular
Dynamicsapproach.For interactive viewing of the
time-dependentsimulationdata,a hardware-based
projection algorithm for the perspectively correct
renderingof largenumbersof illuminatedellipsoids
is presented.

1 Intr oduction

Experimentalvisualizationof magnetic�eld lines
is a well-known technique. Probablyno student
leavesschoolwithout having seensimple demon-
strationscarriedout with a permanentmagnetand
someiron �lings. With thissimpleandyetpowerful
experimentit is possibleto gain muchinsight into
the structureandpropertiesof magnetic�elds. So
why not alsousethis methodmostpeopleare fa-
miliar with in a computergraphicstool to illustrate
theshapeof magnetic�elds, e.g.in educationor in
popularscienti�c publications?This could be es-
peciallyuseful,if realexperimentsarenot possible
dueto a complicateexperimentsetupor largescale
�elds which cannot bereproducedin a smallscale
experimentareinvolved.

In thispaperwepresentaphysicallybasedsimu-
lationmethodfor thedynamicbehavior of particles
of ferromagneticmaterialsin an appliedmagnetic
�eld. Using a full three-dimensionalmodelallows
for the simulationof a wide rangeof phenomena
that canbe observed during the alignmentprocess

of theparticles,e.g.particlesthatpile up or arere-
strictedin motion due to their shape. It is impor-
tant to modelseveral physicalpropertiesand laws
that are involved. First, thereare the mechanical
propertiesof theparticles,e.g.their sizeandshape
andmaterialpropertieslike friction coef�cients or
elasticity, that,in coactionwith for examplegravity
or obstaclegeometry, in�uence the motion of the
particlesand their interactionwith adjacentparti-
cles.As largenumbersof �nite-sized particleshave
to be usedin orderto produceillustrationsthat re-
semblethe appearanceof real world experiments,
typical rigid body simulation approachesknown
from computeranimationdo not suf�ce. Instead,
methodsfrom computationalphysicsthatdealwith
large many-particle systemshave to be used. For
themagnetostaticinteractionbetweenparticlesand
betweenparticlesand an external magnetic�eld,
two additionaleffectshave to beincorporated:The
magnetizationof aparticledueto thegivenexternal
magnetic�eld and the inducedmagnetic�elds of
the otherparticles,andthe forcesandtorquesact-
ing on theparticlesasaresultof that.

Furthermore,since for a reasonablesimulation
the size of the problem, given by the numberof
discreteparticles,caneasilyexceed100,000inter-
actingobjects,this computationaltaskis only fea-
sible whenhigh performancecomputerslike large
sharedmemorymachinesor clustercomputersare
used.In this work a MPI-based[2] implementation
is presentedthat allows us to simulatelarge num-
bersof particleswhile moderatecomputingtimes
areachieved.

2 RelatedWork

Traditionally, thevisualizationof magnetic�elds or
more generalvector �elds is donevia �eld lines.
But therearealsomany problemsassociatedwith
thisapproach.How to �nd appropriateseedpoints?
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How to achieve a reasonablecoverageor line den-
sity, especiallyin 3D? Many lines have to be pre-
computedin orderto visualizethewhole�eld. An-
otherpopularmethod,known asLine IntegralCon-
volution(LIC), thataddressesat leastsomeof those
limitations in a way that it producesa denserepre-
sentationof thewhole�eld, hasbeentheancestorof
anentirefamily of modern�o w visualizationmeth-
ods,cf. [9] for anoverview.

Although, the magnetic�eld is a vector �eld,
it is in fact no �o w �eld. Thereforeconventional
LIC is not very well suited for visualizing mag-
netic �elds. An improvedmethodthatwasspeci�-
cally designedfor vector�elds thatexhibit no typ-
ical �o w behavior suchaselectric �elds, waspre-
sentedby Sundquist[14]. This method,calledDy-
namicLine IntegralConvolution (DLIC), addresses
the fact that in electromagnetic�elds, unlike �o w
�elds, thedirectionof themotionis not necessarily
thedirectionof the�eld itself.

Themethodwe want to presentin this paper, in
turn, is not meantto bean alternative to the above
mentionedalgorithmsfor interactive visualization
in scienti�c applications,but ratherasawayto gen-
eratenearphoto-realisticillustrationsof magnetic
�elds that canbe usedfor examplein educational
or instructionalcontexts.

The dynamicbehavior of particlesin magnetic
�elds is still subjectof currentresearchin computa-
tionalphysics.Mostof thepublishedpapersregard-
ing thesimulationof thebehavior of granularmag-
netizablematerialsfocus on the investigationand
improvementof the compactionprocessin manu-
facturingof magneticmaterialssuchaspermanent
magnetsor magneticrecordingmedia[7].

3 Simulation of Particles in a Mag-
netic Field

In order to achieve realistic and visually pleasing
illustrationslarge numbersof particleshave to be
used. From our experimentswe found that, de-
pendingon the underlyingmagnetic�eld and the
resolutionof thegeneratedimages,at least30,000
to 50,000particlesshouldbe used. Although, for
someof ourexperimentsweusedupto 100,000par-
ticlesto achieve satisfyingresults.For sucha large
numberof distinct objectsthe well-known meth-
odstraditionallyusedin computeranimationareno
longer feasible. Insteadwe have to usemethods

from computationalphysicswheredynamicmany-
particlesystemsconsistingof several thousandsto
millions of particleshave attractedthe attentionof
researchersfor morethan50 years.Therearesev-
eralwell-known andwidely usedmethodsavailable
thatcouldbeappliedto ourproblem.We have cho-
sena MolecularDynamicsapproachthat is known
to deliver realisticresults,takesthegeometricrela-
tionshipinto account,which is crucialin agraphics
application,andis alsoeasyto parallelize.

Molecular Dynamics(MD) is a commontech-
nique for the simulationof large numbersof dis-
tinct particles,e.g. in the studyof atomicclusters,
in biomolecularmodeling,thesimulationof liquids
or granularmatter. Eachmolecularobject,e.g.atom
or smallmolecule,is representedby a singleparti-
cle or masspoint that interactswith otherparticles
andits environmentvia pairwisepotentials.In basic
MD theevolution in time,i.e. thetrajectories,of the
particlesis computedby integratingtheNewtonian
equationsof rigid bodymotiondependingonforces
derived from the given interactionpotential and,
maybe,externalforces.Wherebytheactualpoten-
tial hasto be deducedfrom certainphysicallaws,
e.g.vanderWaalsforces.This simplemicroscopic
modelcanbeextendedto amacroscopicmodelthat
canhandletheinteractionof particlescomposedof
millions of molecules.For suchamodel,obviously,
a simple potentialfunction is not suf�cient to de-
scribetheinteractionbetweentwo particles.There-
fore,somekind of geometricparticle-particleinter-
actionpotentialhasto be de�ned. For two elastic
particlesthat cannotinterpenetrateeachother, the
expectedqualitative behavior of the contactpoten-
tial would be asfollows: Neglectingadhesion,the
two spheresdo not exert any forceon eachotheras
long astheir surfacesdo not touch,but assoonas
they getin contactwith eachothertheballswill de-
form anda repulsive forcewill arisebetweenthem.
The greaterthe deformation,the greaterthe repul-
sive force.

In traditionalrigid bodycollision systemsa hard
objectmodelis used,in whichcollisionsaretreated
by applyinglinearmomentumat thetimeof contact
betweentwo objectsandrestartingthetimeintegra-
tion. Thus,for many tightly packedobjects,theef-
fective time steptendsto get very small. In MD a
constanttime stepis used. That means,insteadof
enforcingthe constraintthat particlescannot pen-
etrateeachother, the assumptionthat the two col-
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liding particlesundergoa slightelasticdeformation
is introduced.In this,so-calledsoftparticle model,
the overlap, that occursdueto the fact that essen-
tially the particlemodeldoesnot re�ect thosevir-
tual deformations,provides a measurefor the re-
pulsive forceandis calledvirtual overlap. There-
sulting repulsionforce is typically modeledby the
behavior of adampednonlinearspringactingin the
direction of the collision normal. Additionally to
thesenormalforces,e.g.frictional forcesfor graz-
ing contactscanbemodeled.

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 reasonablegoodapproximationto real par-
ticle shapes,such as the iron �lings we want to
simulate. Although more elaborateparticle mod-
els,e.g.super-ellipsoidalforms[16], multi-element
approaches[3] or polygonalapproximations[11],
havebeendescribedthatmayprovideanevenbetter
coincidencewith theshapeof realparticles,theuse
of ellipsoidshassomeadditionaladvantages.They
canbeanalyticallydescribedin a very simpleway,
but neverthelessprovide a wide rangeof different
particleshapes,rangingfrom sphericalover elon-
gatedor needle-like formsto oblateor disc-shaped
objects.Furthermore,theellipsoidalshapeexhibits
certainmagneticpropertiesthat are important for
thecomputationof theparticlemagnetization.Fer-
romagneticsamplesaremoreeasilymagnetizedin
thedirectionof greaterextent thanin others,caus-
ing ananisotropy of themagnetization.Therefore,
sphericalparticlesarenot well suitedfor our pur-
pose.

In orderto performa MD simulation,a method
for �nding particle-particlecontactsand comput-
ing theoverlapbetweentwo generalellipsoidshas
to be introduced. Unlike the sphericalcase,de-
terminingif two generalellipsoidsintersector are
separatedfrom eachotheris no trivial task. There
areseveral methods,e.g. [18], that have beenpro-
posedfor �nding the intersectioncurve of two el-
lipsoidsin three-dimensionalspace.But aswe are
only interestedin the fact whetherthereis an in-

tersectionand if this is the casehow large the ac-
tual overlap is, our problem is slightly different.
A specialcontact function for ellipsoids that ac-
complishesthat taskwasproposedby Perramand
Wertheim[13] for Monte-Carlosimulations.Other
algorithmsfor contactdetectionandoverlapcom-
putationin discreteelementsimulationsarebased
onsolvingquarticequations[15] or ageometricpo-
tential concept[10]. Thedrawbackcommonto all
thesemethodsis that they all rely on numericalit-
erationtechniquesfor either solving the resulting
differentialequations,�nding rootsor minimizing
functions.

In orderto improve therobustnessandthespeed
of the initial collision testwe employ an algebraic
criterion for the separationof two ellipsoids[17].
It requiresno iterative computations,and thus is
moreef�cient andexactcomparedto theaforemen-
tionedmethods.In [17] it is shown that two ellip-
soidsof the form Gk(x) = xtAkx = 0 have an in-
tersectionif andonly if theircharacteristicequation
f (l ) := det(l Ai + A j ) hasatmostonedistinctpos-
itive root. Given that only the signsof the roots
areimportant,the taskof decidingwhetherthe el-
lipsoidsintersectcanbe accomplishedwithout ex-
plicitely �nding thoseroots[6].

If a contactwasdetected,the virtual overlapof
theellipsoidpair hasto becomputed.This is done
with an iterative methodbasedon a steepestde-
scentapproachthat �nds the two points of deep-
estpenetration,hereafterreferredto asthe contact
points. Fig.1 showsasimpli�ed conceptualview of
thealgorithm. Startingwith an initial guesson the
boundaryof the �rst ellipsoid G1(x) = 0, walking
tangentiallyalongthatboundaryin a way thatmin-
imizesthevalueof thefunctionG2(x) the�rst con-
tactpoint is found.Thedescendingdirectionis cho-
sendependingonthegradientsof thetwo quadratic
forms. The locally strongestminimizationis to be
expectedin the direction of the negative gradient
� ÑG2(x). But as this gradientis not mandatory
tangentialto thesurfaceof the �rst ellipsoid, it has
to beprojectedinto thetangentialplanein orderto
�nd di , thedirectionof descent.For agivenapprox-
imation qi , the next point qi+ 1 is found by walk-
ing along the straightline qi + l di with stepsize
h > 0 andprojectingthepointq�

i+ 1 = qi + hdi back
onto the surfaceG1(x) = 0. The contactpoint qc
is reachedassoonasÑG1(x)kÑG2(x), which is a
reasonableassumptionfor smalloverlaps.Thereby
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Figure1: Findingthecontactpoint.

specialcarehasto betakenaboutthe“leapingover
the contactpoint” that canoccur if the stepsizeh
is chosentoo large. In this case,adaptingthe step
sizeto h := h=2 ensuresconvergence. The virtual
overlapis thengiven by the Euclideandistanceof
thetwo contactpoints.

3.2 Magnetic Interaction

We useanextremelysimpli�ed but still physically
basedmodelfor themagneticpropertiesandinter-
actionsof our particles.First of all we assumethat
eachparticlecanberepresentedby a singlemacro-
scopicmagneticdipole m = VM accordingto its
currentmagnetizationvectorM andits volumeV.
Then,computingthe magneticinteractionconsists
of two mainaspects:magnetizationof theparticles
andforcesandtorquesactingontheparticlesdueto
the magnetic�eld they areexposedto. This mag-
netic �eld consists,on theonehand,of theapplied
externalmagnetic�eld Hext and,on theotherhand,
of the secondaryinduced�elds H j = B j=m0 of all
magnetizedparticles.

First, the forcesandtorquesactingon the parti-
clesdue to the magnetic�eld they areexposedto
have to beconsidered.Thesearegivenby

F = Ñ(m� B) and t = m� B ;

whereB is theinductionof themagnetic�eld given
by thesuperpositionof Hext andthedipole�elds H j
of all otherparticles.Thiscanbewrittenasanaddi-
tionalpairwiseparticle-particleinteractiontermfor
theMD simulation.

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

ferromagneticparticle in a magnetic�eld is given
by

E = Ez+ Es+ Ec + Ee+ Es ; (1)

whereEz denotesthe energy of the sampledueto
the torquethe external �eld H = Hext + å H j ex-
ertson theelementarydipoles(Zeemanenergy), Es
representstheenergy of theparticlein its own mag-
netic stray�eld, Ec andEe the magnetocrystalline
anisotropy energy that arisesfrom the alignment
of the elementarydipoleswith respectto the crys-
talline structureof the materialand the exchange
energy thatoriginatesfrom theinteractionof theel-
ementarydipoles, respectively. The last term Es
denotesthe magneticstressanisotropy energy that
is causedby stressexerted on the samplescrys-
talline structure.

Wesimplify thisexpressionby introducingsome
moreassumptions.First, we assumethat theparti-
cleswe dealwith arequite small, i.e. they consist
of only onemagneticdomain. Thus,theexchange
energy can be neglected. We also neglect Ec and
no stressis taken into account. Last, we assume
that theparticlemagnetizationis alwayssaturated,
i.e. jMj = Ms. With theseassumptionsthetotal en-
ergy reducesto E = Ez + Es. Only two termsare
left: TheZeemanenergy andtheself-energy of the
particle in its stray�eld Hs. As Hs is alwaysact-
ing againstthe particle's magnetizationit is also
calleddemagnetization�eld . This �eld introduces
an anisotropy dependingon the shapeof the sam-
ple. In general,the demagnetizationtensorN that
characterizesthe shapeanisotropy and, therefore,
Es are very complicatedto compute. But, due to
the simplesymmetriesof the ellipsoidalshapethe
demagnetization�eld insidetheellipsoid is homo-
geneousandthedemagnetizationtensoris diagonal
andits elementscanbecomputedvery easily[12].
Thus,themagneticenergy of theith particlecanbe
expressedin termsof themagnetizationvectorsM j
of all particlesasfollows:

Ei = � m0ViM i � H i + 1
2m0M2

sVi

3

å
k= 1

Ni;ka 2
i;k (2)

with

Hi = å
j6= i

1
mo

B j = 1
4p å

j6= i
Vj

�
3(M j �r i j )r i j

jr i j j
5 � M j

jr i j j
3

�
;

and the direction cosinesa i;k of M i with respect
to the half-axes vectorshk of the ellipsoid. This
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yieldsa systemof non-linearequationsthathave to
be minimizedsimultaneouslyfor the directionsof
then unknown vectorsM i .

E (M1; : : : ;Mn) ! min : (3)

Findinga minimumfor this systemswould bevery
time-consumingfor a large number of particles.
Therefore,we furtherassumethat for eachparticle
M j is constantfor all j 6= i duringtheminimization,
thuslinearizinganddecouplingthesystem.Thisal-
lowsusto solvefor thedirectionsM i independently
by meansof aconjugatedgradientiterationmethod.

3.3 Parallel Implementation

The completeMD simulationalgorithm is imple-
mentedin C++usingMPI [2] to distributethecom-
putationover the nodesof a PC cluster. A cell-
basedspacepartitioningschemetypically referred
to asthe linked-cell-listapproachis usedto speed
up the computationof the contactforces. In con-
trast to the short-rangecontactpotentialthe mag-
netic interactionsarenot limited to the vicinity of
a particle,i.e. eachparticleinteractswith all other
particlesin the simulationarea. Therefore,a sim-
ple approachas usedfor the mechanicalparticle-
particleinteractionis notsuf�cient. Although,there
have beenmany different methodsproposedthat
speedup long-rangeinteraction computationsin
many-particlesimulations,thesetechniquesareei-
ther only applicableto periodic systemsor rather
complex to implement.Therefore,we have chosen
asimpli�ed versionof a PPPMtechnique(Particle-
ParticleParticle-Mesh)proposedin [4] that is quite
similar to thelinked-cellmethodusedfor theshort-
rangeinteractions.It is basedon the following ob-
servation: Thestrengthof themagneticdipole�eld
of a particlevarieswith the inverseof the cubeof
the distancefrom the particle's centerand the re-
spective forcesarising betweenparticlesdecrease
even faster. Taking into accountthat all particles
are of approximatelythe samesize and assuming
that they are relatively evenly distributed in space
it is possibleto usethespatialpartitioningto speed
up the computationof the magneticinteraction,as
well. Thedirectparticle-particleinteractionis com-
putedonly for theparticlesinsidethesamecell and
the26neighborcells.Thecontributionsof all other
particlesareapproximatedonapercell basis.First,
for eachcell a “virtual” magneticdipole is intro-
ducedthat is de�ned by the centerof massof the

particlesin thecell andthesumof theirsinglemag-
neticmoments.Then,for eachcell centerthemag-
netic�eld generatedbyall othercells–excludingthe
cell itself andits neighbors–iscomputedfrom those
“virtual” dipoles.Thisgivesusanapproximationto
the�eld of thefartheraway particles.Thus,H i can
beapproximatedas

H i � å
j2Wni

1
mo

B j + Hgrid ; (4)

with Wbeingthesetof indicesof theparticlescon-
tainedin thecell theith particleis locatedin andall
of its 26 neighborcells.

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

4 Particle Rendering

Duringtheparticlesimulationsteplargeamountsof
time-dependentsimulationdataareproduced.For
most of the exampleswe have computed,50,000
particlesor morewereusedandthe simulationre-
sults in more than 1,000 saved time steps. That
meansseveral gigabytesof total simulation data
have to behandled.Renderingthatmany particles
at interactive ratesbecomestediouswhen a suf�-
ciently smoothgeometricrepresentationof the el-
lipsoidsis required,dueto the largeamountof ge-
ometry that is involved. Even whenOpenGLdis-
play lists or vertex arraysareemployed the frame
ratesthat can be achieved for reasonablysmooth
tessellatedellipsoidsarefar from beinginteractive.
Therefore,we have comeup with a solution that
breaksdown thegeneratedgeometricdataper ren-
deredellipsoid to a singlevertex positionwith two
additionalper-vertex attributes.Thebasicideais to
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renderjust asingleOpenGLpointperellipsoidand
exploit theprogrammabilityof both thevertex and
the fragmentprocessingpipeline of recentgraph-
icsprocessingunits(GPUs)in orderto computethe
perspectively correctprojectionof a Phong-shaded
ellipsoiddirectlyon thegraphicsboard,thusavoid-
ing the bottleneckof the AGP bus in exchangeof
highervertex processingandrasterizationeffort. As
only one extendedpoint primitive is renderedfor
eachellipsoid our approachcould be also thought
of asa kind of splattingmethod.

Our approachis very similar to onerecentlypre-
sentedby Gumhold [5]. But our methodis also
different from this methodin that we reducethe
amountof information that has to be transferred
over theAGPbusto thenecessaryminimum. Each
ellipsoidis representedby its centerpoint c, a half-
axis vector h and a quaternionq describing its
orientation. Thesethree valuescan be encoded
into the 3D vertex position,the normalvectorand
the four elementvertex color attribute of a single
GL_POINTprimitive. Thus,only ten�oating point
values,or 40 bytes,per ellipsoid have to be trans-
feredover thesystembusto theGPU.

Theroughoutlineof thealgorithmis asfollows:
First, for eachellipsoid thescreenareathat is cov-
ered by its perspective projection is determined.
Then,the fragmentsthatactuallylie insidethesil-
houetteof theprojectionhaveto bedetermined.For
eachpixel coveredby thepointprimitivearay from
theeye-pointthroughthatpixel is computed.This
eye-ray is intersectedwith an implicit representa-
tion of the ellipsoid in order to decideif the frag-
mentbelongsto theprojectedboundaryor not. De-
pendingon this the fragmentis eitherdiscardedor
the intersectionpoint and the ellipsoid normalare
computedfor shadingtheresultingpixel.

Associatedwith eachellipsoidthereis a localco-
ordinatesystemin which its boundarycanberepre-
sentedimplicitly by thequadraticform

n
x̃j kx̃k2 = 1

o
: (5)

Startingfrom Eqn.(5) theworld spacedescription
n

xj kM� 1 (x � c)k2 = 1
o

(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) thatdescribestheorientationwith respect
to thelocal coordinatesystem.

4.1 Ellipsoid-Ray Intersection

In the�rst stepof therenderingalgorithmthescreen
areathatis coveredby theperspective projectionof
theellipsoid's shell is foundby projectingtheeight
cornersof its boundingbox into clip space.Since
OpenGLpointsarealwayssquare,thepoint sizeis
de�ned by thelongeredgeof theaxis-alignedrect-
angle enclosingthe projection. This is clearly a
drawback of our approach,sincemany fragments
have to be consideredin the following stepsthat
could be excluded if a non-axis-alignedscreen-
spaceareacould be used. But in fact this is only
a problemif theellipsoidprojectsto a ratherlarge,
non-axis-alignedscreenarea.

Thenext stepis to �nd thosefragmentsof theras-
terizedpoint thatindeedbelongto theprojectionof
theellipsoid. This is doneby intersectingtheeye-
rays,passingthrougheachfragment,with theellip-
soid. If thereis at leastoneintersectionpoint the
fragmentbelongsto theprojection,otherwiseit has
to bediscarded.Intersectinga straightline with an
ellipsoid is not dif�cult, but even simplerin its lo-
cal coordinatesystem.Becauseall transformations
wehave to dealwith areaf�ne it is quiteobviousto
transformtheeye-rayinto objectspaceandthendo
a simpleray-sphereintersectioncomputation.

Thepoint ẽ= M� 1(e� c), theorigin of our eye-
ray in objectspace,is constantfor all fragmentsof
the projection,and thus,hasto be computedonly
once per ellipsoid. In contrast,the ray direction
d̃ hasto be computedfor eachfragmentindepen-
dently. Sincewe renderonly a single point it is
not possible,e.g. to exploit the linear interpolation
of vertex attributesduring the rasterizationfor the
computationof d̃, as it is donein [5]. Insteadwe
have to computeit from thecurrentfragmentposi-
tion in screenspace. Then the actualintersection
computationis veryeasy. Insertingtherayequation
ẽ+ l d̃ into Eqn.(5) yields

d̃t d̃l 2 + 2ẽt d̃l + ẽt ẽ� 1 = 0 ; (7)

which hasto besolvedfor theintersectionparame-
ter l s.

4.2 Shadingand Depth Corr ection

For a per-fragmentcorrectlighting of theellipsoid
we have to computethesurfacenormalin theinter-
sectionpoint. Fortunately, thepoint of intersection
s̃ = ẽ+ l sd̃ is identical to the normalizedsurface
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normal.ComputingperfragmentPhong-lightingis
now straight-forward. Last thecorrectdepthorder-
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 = Ms̃+ c, andapplyingthemodelview andpro-
jection transforms.Perspective division anddepth
rangemappingyields thecorrecteddepthvaluefor
eachfragment.

4.3 OpenGL Implementation

We implementedthedescribedalgorithmbasedon
the NVIDIA (NV) as well as the ARBvertex and
fragmentprogramextensions. As mentionedbe-
fore,thethreepropertiesthatde�ne anellipsoidare
speci�edby theattributesof a singlevertex. These
verticesarerenderedfrom vertex arraysin orderto
achieve the maximumthroughputof the AGP bus
transfer. For eachtransferredvertex, a vertex pro-
gram computesthe point size and position of the
OpenGLpoint thatcoversthe2D projectionof the
ellipsoid.Additionally, all valuesthatareneededin
thefragmentprogramandareconstantfor all frag-
mentsof the respective ellipsoid arealsoprecom-
putedin thevertex programandpassedonasvertex
attributes.Thenthefragmentprogramcomputesthe
eye-ray throughthe currentfragmentpositionand
checksfor intersectionwith the ellipsoid. If there
is no intersectionthefragmentis discarded(texkil).
Otherwise,fragmentcolor anddeptharecomputed
accordingto the intersectionpoint andthe respec-
tive lighting model.

5 Results

Threedifferentscenariosillustrateourmethod:The
magnetic�eld of a barmagnet,thecombined�eld
of two solenoids,andthe �eld excitedby four cur-
rent carryingconductors.Initially, in all examples
theparticleswererandomlyorientedanduniformly
distributedin a thin layer above the groundplane.
All imagesareshown on the accompanying color
plateandwererenderedona NVIDIA GeForceFX
5950basedgraphicscard.

The �rst example,shown in Fig. 3, is a rather
small setup. Here,only 6,000particleswereused
to illustrate the �eld of a bar magnetpositioneda
shortdistancebelow a thin magneticnon-shielding
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Figure2: Renderingspeeddependingon thenum-
berof visibleparticlesandwritten fragments2.

plate,e.g.glassor paper. Nevertheless,thegeneral
structureof the underlying�eld is clearly visible,
even for this small numberof particles. On four
2.8GHzPentium4 PCsconnectedby GigabitEther-
net the30,000time stepsof thepresentedexample
were simulatedat approximately0.6sper simula-
tion step. However, for morecomplex �elds anda
bettervisual quality, i.e. imagesthat resemblethe
picturesof real-world experiments,moreparticles
shouldbeused.Wehave foundthatusing20,000to
100,000particlesleadsto reasonablygoodresults.

In the secondimage,Fig. 4, a variation of an-
othertypical exampleoftenusedin introductionary
texts on electromagnetismis shown: The �eld of
two solenoids,i.e.coilswith anair core.Someaddi-
tionalgeometryis usedin Fig. 4 to depicttheplate,
theparticlesarestrewn on,andthecoils. Thesimu-
lationtimefor the20,000timestepsof thisexample
wasbelow 0.5sperstepona eightPCscluster.

As alastexample,Fig.5 showsasmallsectionof
a simulationwith four electricconductorsat differ-
ent zoominglevels. In this example100,000parti-
clesof differentshapeswereused. Note how the
particlespile up due to the strong attractionex-
ertedby the magneticforce in the vicinity of the
(herenot shown) wire. Fig. 2 shows the rendering
speedfor this example, Notethat thewritten frag-
mentsareconsiderablylessthentheactualnumber
of fragmentsthathave to be computedin the frag-
mentprogram. This is especiallybadas the frag-
mentkill instructiondoesnot terminatea fragment
program.Thatmeansif fragmentsaremasked out
becausethey arenotcontainedin theellipsoidspro-
jection, the samenumberof computationsis car-
ried out as for fragmentsthat are actually written

2Pentium4 2.8GHz,GeForceFX5950;5122 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,theachievedframeratedependsonthe
numberof renderedpoint primitives, i.e. speedof
AGPbustransfer, andthenumberof generatedfrag-
ments,i.e. fragmentprocessingspeed. When we
startto zoomin, the framerateincreasesaspoints
are culled at the view frustum. As the rendered
pointsget larger, i.e. the projectedareaof the ren-
deredparticlesincreases,theframerateapproaches
an upperlimit. Then,as the numberof generated
fragmentsstartsto grow very fast,sincelargeparts
of theviewport arecoveredby imagesof ellipsoids
andthedepthcomplexity is quitehigh, the render-
ing speeddropsconsiderably. This revealsthemain
drawbackof our algorithm: we have tradedraster-
ization speedfor bus transfer. Therefore,the pro-
posedalgorithm is best suited for settingswhere
many particleswith arelatively smallprojectedarea
perparticlehaveto berenderedwhile still maintain-
ing thepossibilityof seamlesszoomingon partsof
the imagecontaininga small numberof particles
with a largerscreenspacefootprint.

6 Conclusions

In this paper we have shown that a physically-
basedmodeling techniquethat utilizes methods
from computationalphysics can be successfully
used for computergraphicsapplications. Using
a Molecular Dynamicssimulationalgorithm, it is
possibleto generateillustrationsof thestructureof
magnetic�eld linesby meansof a discreteparticle
simulation. A parallel implementationon a clus-
tercomputerprovidesthepossibilityfor simulating
reasonablysizedexamplesin moderatetime inter-
vals.Thishasbeenshown for practicalexamplesof
up to 100,000particlesin complex magnetic�elds.
In addition, a hardware-acceleratedalgorithm for
the perspectively correct renderingof illuminated
ellipsoidsis presented.Theproposedrenderingap-
proachreducesthe amountof datathat hasto be
transferedovertheAGPbusto aminimum,andthus
permitstherenderingof large,time-dependentsim-
ulation datasetsat interactive rates. The presented
resultsshow that the illustrationsthat canbe gen-
eratedusingtheproposedmethodresembletheap-
pearanceof realworld experimentswith ferromag-
neticpowders.
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Figure3: The�eld of a barmagnetillustratedwith 6,000ferromagneticparticles.

Figure4: The�eld of two solenoids.30,000particleswereusedfor thesimulationandrendering.

Figure5: A smallsectionof theresultof asimulationusing100,000particlesin orderto depictthe�eld ex-
itedby theelectriccurrentsrunningthroughfour conductorsperpendicularto thebaseplane.Thehardware-
acceleratedrenderingalgorithmallows interactive viewing of thetime-dependenddataset,includingseam-
lesszoomingin high quality.
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