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ABSTRACT

In this paper a systemis proposedwhich can automaticallygenerate2+1D Minkowski diagrams. We
shav how thesespacetimediagramsreveal more aspectof specialrelativity thantraditionalMink owski
diagramsandcanthereforefurtherenhancehe understandin@f specialrelativity. Theinteractize system
is basedn Java3Dandcanbeusedasawidely applicabldearningandteachingtool. Moreover, we adapt
andextendnon-photorealisticenderingechniquego improve the perceptibilityof thediagrams.
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1 INTRODUCTION

The specialtheory of relativity by Albert Einstein,
which was rst publishedin 1905 [Einst05], is still
regardecby mary asdif cult andhardlycomprehen-
sible. Thereasonarenotits basicrulesbut thepower
of imaginationwhichis necessaryo fully understand
the consequencdsehindthetheory Therelationship
of spaceandtime is very differentto what we see
andfeel every day The 3D Euclideangeometrywe
areusedto is replacedby a at 4D spacetimen spe-
cial relativity. Scientistwere alreadyaware of this
problema few yearsafter Einsteinhad publishedhis
work and introducedspacetimediagramsto corvey
relativistic properties Theseso-calledvViink owski di-
agramsare still widely usedtodayin sciencebooks
but are regardedto be hardly understandablevith-
out prior knowledge becauseof their high level of
abstraction.Therefore otherdirectapproachesvere
developedin the pastto visualizespecialrelativity by
meansof computergraphicsbut spacetimaliagrams
have so far beenmostly ignored. Evenif they are
more abstracthey arestill bettersuitedto visualize
someof the aspectsof specialrelativity which are

hardor evenimpossibleto seewith directapproaches.

In this work we would like to revive the traditional
Minkowski diagramsand extend them to an en-
hanced,computerbasedvisualizationtool. Space-

time diagramsn textbookscanonly shav a staticim-

ageof a x edscenarioandarevery often limited to

a 2D reductionof 4D spacetimewith only one spa-
tial axis. Our interactve system however, allows the
userto vary parameterandto experienceheirconse-
guencedmmediately;sheor he cannavigate freely
throughthe diagramto seeit from different points
of view. We are not limited to one spatialaxis and
canthereforerevealeffectsof speciakelativity onex-

tendedobjects. Moreover, a methodis developedto

shaw visibility propertiesn spacetimaliagrams.Fi-

nally, boththerelativistic view asseerby afastmov-

ing obsener and the more abstractMinkowski dia-
gram of the samescenariocan be displayedin two

neighboringviewports. In this way, two completely
different visualization approachesare combinedto

furtherenhancehe understanding@f thetheory The
implementatioris basedn Java3Dto ensureplatform
independeng andweb-basedieployment. It canbe
usedasinteractive teachingtool or for illustrationsin

textbooks.

The paperis organizedasfollows. In the next sec-
tion a brief overview of previouswork is presented.
Section 3 is focusedon the spacetimediagrams.
Here the necessarypackgroundnformationis sum-
marized. Section4 describeshe generatiorof 2+1D
Minkowski diagrams. In Section5 we discussen-
hancedvisual representationo give our diagramsa



more textbook-like touch. In Section6 we give an
overview of our system Finally Sections7 and8 con-
tainresults ashortconclusionandgiveanoutlookon
possiblefuturework.

2 PREVIOUS AND RELATED WORK

Aroundthe endof the 80s,works by Hsiungandco-
workers [Hsiun89; Hsiun90] introducedspecialrel-
ativistic visualizationto the computergraphicscom-
munity. Their T-buffer techniqugHsiun90]is a poly-
gonrenderingmethod whichis alsothe basisfor our
direct relativistic view. In recentwork, other rela-
tivistic renderingtechniquesveredeveloped suchas
image-basetklativistic renderingWeisk00].A com-
prehensie presentatiorof state-of-the-artelatistic
visualizationcanbefoundin [Hanso01].

But long before computermachineryhad beenin-

vented,waysto explore andvisualizespecialrelativ-

ity on a more abstractievel were introducedby the
mathematiciarHermannMinkowski [Mink 008]. He

developedand rst publishedspacetimediagrams—
the Minkowski diagrams.

Anotherimportantaspectof this paperis the appro-
priate visual representatiorof complex Minkowski

diagramsby meansof non-photorealisticendering
techniquegNPR). Much researchwas conductedn

the eld of artistic and non-photorealisticendering
[Salis94;Curti97; Marko97]. Our techniquedor dis-

playing Minkowski diagramsare closely relatedto

worksin the eld of automatictechnicalillustration

by Goochandco-workers[Gooch98;Gooch99].Last
but not least, one part of our systemfacilitatesthe

WIM metaphorWorlds in Miniature) introducedby

Ware[Ware90].WIM offers,in additionto astandard
rst-person perspectie, a seconddynamicviewport

with anoutsideview ontothevirtual environment.

3 THEORETICAL BACKGROUND

In classicNewtonianphysicsthetime coordinatén a
referenceframeis completelyindependenof spatial
coordinatesx y z ; thetime transformatiorbetween
two framesis simplyt t . In relatiistic physicsthe
situationis different: spaceandtime aretightly con-
nectedo eachother Whenchangingrom oneframe
of referencdo anotherthetime coordinate depends
not only on the temporalbut also on the spatialco-
ordinatesof the otherframe. Whenthe obserer is
moving with a velocity v alongthe x axis, thet andx
coordinatesrerelatedby

t wx c?
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tA World line of a
particle
World line of
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X

Figure 1: Minkowski diagram shawving the
world lines of a photonanda particle moving
atvaryingspeed.

X Wt c?

1 v2¢?
wherec is the speedof light in vacuum. Here, the
y and z coordinatesemainunchanged. The above
transformationis called Lorentz transformation. In-
steadof treatingspaceandtime independentlyffrom
eachother Minkowski connectedhemtightly in the
form of a 4D spacetimandintroducedspacetimedi-
agramsasa new kind of visualizationtool. Figurel
shavs anexampleof sucha spacetimaliagram.

)

In the traditional form, a Minkowski diagrammis
2D—uwith one spatialaxis andthe time axis—i.e.,a
1+1D diagram. As specialrelativity operatesin a
4D spacetimewherethe time axis is treateddiffer-
ently thanthe spatialaxes, standardMinkowski dia-
gramsemploy a reductionof spatialdimensionghat,
however, doesnot invalidatetheir usability Due to
theisotropy of specialrelativity, mary qualitatvefea-
turesof spacetimearestill presenin 1+1D.

The corventionfor Minkowski diagramss thatthet
axisliesverticallyandthex axislieshorizontallyfor a
restframe.In al+1Ddiagramaneventis determined
by its spatialcoordinatex andits timet, resultingin a
simplepointin the diagram. As the diagramformed
by the two axesis called“world” by Minkowski, the
motionof a point-like particlethroughspaceandtime
is representedby a so-calledword line. Note thata
particle doesnot necessarilyhave to move in space
but it automaticallymovesin time. Physicallaws be-
tweentheinteractionof particlescanbe describedy
the geometricconnectionbetweentheir world lines.
Eachpoint of a world line forms a tangentwith the
slopedx dt andananglewith thetime axiswhichis
smallerthan45 . Thisangleq is givenby
dx v

tang a E
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Figure2: Minkowski diagramwith two differ-
entinertial framesshawving both the effect of
concurrencandthe contractionof length.

For ary massve particle, v mustbe smallerthanc.

Consequentlthet andx axesof amoving frameof

referencearerotatedandform the angleq to theaxes
t andx of the restframe. Photons—lightparticles—
travel atthe speedof light with respecto ary frame.
Therefore their word lines alwaysform an angle of

45 to thetime axis.

The light coneof a Minkowski diagramconsistsof

all thelight raysthatareemittedat a singleemission
event or absorbedat a single absorptionevent. In a
standardL+1D Minkowski diagram,the “light cone”
consistof only two lines. Two differenttypesof light

conescanbedistinguished—théuturelight coneand
thepastlight cone.Togetherthey form adoublecone
anddividethespacetimeliagraminto differentcausal
regions(seeFigure3). A futurelight coneof anevent
is a setof light rays which passthroughthis event
andareemittedinto spacetimen all directions,sim-
ilarly to a circular waterwave formedwhena stone
is thrown into the water, only thatthe wavesare ex-

tractedin time.

Spacetimaliagramsin their 1+1D form are already
well suitedto visualizea major variety of effectsex-

periencedin specialrelativity. The mostimportant
effectsarethefollowing.

First,temporalconcurrenceanbevisualized.For an
obserer O, two eventsare concurrentif they have
thesametime coordinate . Thismeansf two events
areparallelto the x axisthey areconcurrentor O .
In Figure 2, the pointsE; andE3 are concurrentfor
O but notfor O.

Second the contractionof length can be illustrated.
Figure 2 shows two inertial framesS andS. Now
let us considera yardstickrepresentedby the world

t
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Figure3: Minkowski diagramshaving a light
conedividing the diagraminto differentcausal
regions.

lines of its two end points. The length of the stick
is de ned asthe spatialdistancebetweenthesetwo
world lines. In Sthelengthis simply the distancebe-
tweenthe intersectionf the world lines with the x
axis. Accordingly, thelengthwith respecto themov-
ing frameS canbe measure@longthex axis. Note
thattheunitsalongthex andx axesdiffer, yielding a
length contractionfor the moving stick. In addition,
the effect of time dilation canbe presentedimilarly
to the contractionof lengths. The only differenceis
thatlengthsarenot measurealongthe x andx axes
but alongthet andt axes.

Finally, causablependengbetweereventscanbe ex-
ploredvisually. As information cannottravel faster
thanthe speedof light, an eventcanonly have in u-
enceon othereventsif they lie insideits future light
cone. Corversely light emissioneventsthat are the
sourcefor imagegeneratiorby theobserer'scamera
lie onthe pastlight cone. Figure3 shawvs a diagram
dividedinto severalcausategions.

Oneimportantgoal of ourwork is to take thesel+1D
Minkowski diagramsandextendthemwith a second
spatialcoordinate. This resultsin 2+1D Minkowski
diagramswith onetemporalandtwo spatialcoordi-
nates,i.e., their spatial part resemblesatland dia-
grams.2+1D diagramsare hardto drav by handbut
canprovide certainnew informationwhich cannotbe
seenin 1+1D:

Extendedbjectsandtheir spatialrelationships
can be shaovn—insteadof just simple point

particles. World lines becomeworld tubesin

2+1D.

Theuvisibility propertiebetweerobjectscanbe
visualized.



Objectscanmove in variousdirectionsof mo-
tion; in the 1+1D casethe direction of motion
is x edalongoneaxis.

Anglesbecomeapparanin two spatialdimen-
sions.

Therelativistic aberratioft of light canonly be
seenin morethanonespatialdimension.

Thereforetheextensionof 1+1Dto 2+1D Mink owski
diagramgyieldsa signi cant increasan information.
Corversely the stepto a complete3+1D representa-
tion lacksacomparableualitatveenhancementthe
full 3D spatialdomaincanbe sampledby rotatinga
2D spatial plane aroundthe direction of motion of
the obserer; dueto the cylindrical symmetryof the
Lorentz transformationwith respectto this axis of
rotation,ary orientationof the planegivesthe same
qualitative picture.

The basicideais to generate2+1D Minkowski dia-
gramsautomaticallyby taking ary normal3D scene
andreduce3D objectcoordinatego 2D objectcoor
dinatesby intersectingwith a plane. This planecan
be placedand modi ed by the user Finally, thein-
tersectingdinesbetweerthe objectsandthe planeare
extrudedto world tubes.Onepoint of the planeis de-
ned asreferencepoint of the restingframeS. The
obsenercanbeplacedontothe planeby theuserand
is usedasthereferencepoint of themoving framesS.

4 GENERATION OF MINK OWSKI
DIAGRAMS

The automaticgenerationof 2+1D Minkowski dia-
gramsconsistsof the following steps: intersection
of 3D sceneobjectswith a plane,extrusionto world
tubes, Lorentz transformationof theseworld tubes,
clipping, andcreationof thelight cone.

In the rst step,all theintersectionlinesbetweerthe
intersectionplane and the objectsin the sceneare
computed.The orientationand position of the plane
is representethy a homogeneousansformatiorma-
trix Mpiane Sceneobjectsare transformedinto the
coordinatesystemof the planeby meansof the in-
verted matrix Mpéne The intersectioncomputation
is performedwith respectto the planes coordinate
system|.e., theresultinglines alwayshave a coordi-
natez 0. Objectsareassumedo berepresentethy
triangle meshes.Therefore the intersectionprocess
yieldsonly polygonallines. A normalvectorandma-
terial properties—suclas objectcolo—areattached

1For a maving obserer, the directionof light raysis changed
by this relatvistic effect. A detaileddescriptionof the aberration
of light canbefound, e.g.,in [RindI91].

to the polylines. The normalvectoris obtainedfrom

the normal vectorsof the sourcetriangle by linear
interpolation. Computationakostsfor this intersec-
tion calculationcould by reducedby standardaccel-
erationmethodssuchas boundingboxes,octrees,or

BSPtrees. However, speedmeasurementshon that
a brute-forceapproachis fastenoughfor typical ap-
plications,cf. Section?.

In the secondstep,world tubesareextrudedfrom the
previously obtainedntersectiorines. First,theworld
tubesare generatedor the restingframe S. Here,
the tubesare just extrudedalongthet axis. (In the
2+1D Minkowskidiagramthet axisis identi ed with
the z axis.) Theoretically world tubesarein nitely
long. Onacomputersystemhowever, they arerepre-
sentedby polygonalmesheswhichhave nite length.
Therefore,we choosecorrespondingvertex coordi-
natesat z 0 for the lower end of the tube and
Z Zmaxfor theupperend,wherezy,y is basednthe
boundsof the Minkowski diagram. As the obsener
may move at arbitraryspeedtheworld tubeshave to
betransformednto themoving inertialframeS of the
obsener. This processs basedon the Lorentztrans-
formation of the world tubes' verticesfrom Sto S.
The complete,inhomogeneous orentz transforma-
tion consistsof a so-calledLorentz boost, rotations,
andatranslation.The Lorentzboostis causedy the
differentvelocitiesof SandS. Equationg1) and(2)
re ect a Lorentzboostalongthe x axis; otherdirec-
tions of motionscanbeimplementedy applyingro-
tationsbeforeandafter the boost. By combiningthe
temporalandspatialcoordinateso a 4D vector, gen-
eral rotationsand Lorentz boostscanbe represented
by a4 4 matrix. Therefore several subsequento-
tationsandboostscanbe subsumedh a singlematrix
by matrix multiplications. The Lorentz transforma-
tion changesheworld tubes'verticesandmight shift
them out of the boundingbox of the Minkowski di-
agram. This could causeoverlapsor gapsin the di-
agram. To avoid theseoverlapsand gaps,the world
tubesareeitherextendedto the upperor lowert clip-
ping planeor cut by the upperor lower t clipping
plane.

Finally, the pastlight conehasto be addedto the di-
agram.In contrasto objectsof the 3D scenethe ob-
sener is describedy afull 4D positionvector This
meansthat the light conedoesnot necessarilyhave
to startatt 0. This pastlight coneshavs which
world tubeslie in the obserer's view. In ary refer
enceframe,the apex angleof the conealwaysis 45
dueto the constang of the velocity of light, i.e., the
radius of the coneis the sameas the height of the
cone.Theheightof theconeis determinedy thepo-
sition of theobsenerin time andthelowert clipping
plane.
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Figure4: A light coneviewedfrom above.

Ourimplementatiorof thelight coneincludestwo ex-
tensionswhich areusually not considered.The rst
extensionallows to visualizevisibility propertiesof
surfacesby intersectinghelight conewith theworld
tubesij.e.,to markthepartsof theobjectsthatarevis-
ible for the obserer. This could be doneby directly
calculatingintersectiondetweertheconeandthetri-
anglesof theworld tubes.However, by projectingthe
coneandthe world tubesto the xy plane,this inter-
sectioncalculationcanbe reducedo a 2D problem:
recall that the cap of the conealwayslies in the xy
planeof the diagram. Now let us considera camera
locatedat the top of thet clipping planeandlooking
down thet axis. From that point of view, the cone
hasa circular outline and the world tubesarerepre-
sentedby lineslying insideandoutsideof thatcircle
(seeFigure4).

Accordingly, theselines needto be intersectedwith
thelight raysfrom the obserer to determinethe vis-
ibility properties.Afterwards,theintersectionpoints
are connectedo form a new outline which con nes
theregion thatis visible from the obserer's point of
view. The intersectionwith the lines is calculated
by shooting2D rays from the midpoint of the cir-
cle into all directions. Testsshowv that a sampling
rateof p 30is enoughto obtain satishctoryresults.
Sofar, the outline of the visible light coneis known
with respecto therestframeS. Analogouslyto the
Lorentztransformatiorof theworld tubesthis outline
hasto be transformedo the moving frameS. The
Lorentztransformatiormatrix for the world tubesis
appliedto the cone. Here, the time coordinateis set
tot  tops theighs Wheretopsis thetime coordinateof
the obserer andtheight is the heightof thelight cone,
i.e.,thedistancebetweerthecapandtheapex. Unfor-
tunately the Lorentztransformatiorof conevertices
is equivalentto atransformatiorof thecorresponding
light rays. Theanglesbetweertheseraysarechanged
accordingo therelatiistic aberratiorof light. There-

fore,anoriginally isotropicsamplingof thelight cone
with respecto frameSyieldsananisotropicsampling
with respectto the destinationframe S. This effect
canbe counteractedby consideringthe aberrationof
light during the samplingprocess.Therefore the ac-
tual samplingdirectionsa aregivenby

a arccos ———
1 vcosa

whichis basedon theinversionof the aberratiorfor-

mula,
cosa Vv

cosa —— 3
1 vcosa )
Here,a describesheisotropicsamplingwith respect

to S andv is the currentvelocity of theobserer.

The secondextensionallows to visualizethe aberra-
tion of light asa relatvistic effect. Here,a second
light conein the form of a wireframemodelis dravn

on top of the rst, standardcone. The visible line

structureof the secondconerepresentshe direction
of incominglight rays, which is calculatedby using
Eq. (3). For anobsenrer at rest, theselight raysare
equallydistributed,whereas moving obsenersmea-
suresa higher“density” of light raysin the direction
of motion. Figure 7 (left image)illustratesthis kind

of visualizationof the aberratiorof light.

5 ENHANCED VISUAL REPRESENTATION

In atypical 2+1D Minkowski diagram,a large num-

ber of objectsrepresenthe world tubesandthelight

cone. The depth, orientation, important features,
shapeandstructureof theseobjectsshouldberecog-
nizablewith easeto fully graspthe geometricstruc-
ture of a Minkowski diagramandthe relationshipbe-

tweenits constituents.This goal canbe achieved by

applyingappropriateNPR techniques.In addition,a

more traditionaltextbook-feelingcan be attainedfor

illustratingMinkowski diagrams.

In this paperwefocusonwork relatedto technicalil-
lustrations Jike [Gooch98;Gooch99]. Most of these
techniquesanoperateat interactive frameratesand
canbeintegratedinto thenormalhardware-baseden-
dering pipeline. Technicalillustration are basedon
fairly algorithmicprinciples.Althoughawide variety
of stylesandtechniquesarefoundin technicalillus-
tration,therearesomecommonthemes.

Edgelinesaredravn asblackcurves.

Matte objectsare shadedwith colorsfar away
from gray;thewarmthor coolnesf thesecol-
ors indicatesthe direction of the surfacenor-
mal.



A singlelight sourceprovideswhite highlights.

Werestrictoursehesto shadingandmaterialproperty
aspectsThesecanbe splitinto two major categories:
line shadingand surfaceshading. For the line shad-
ing part, only silhouetteand edgelines are consid-
ered.A numberof techniquesvereproposedo auto-
matically nd silhouettes—bothshardwareandsoft-
ware methodgZhang97;Marko97]. We usea tech-
nigque describedin [Gooch99], which takes advan-
tageof OpenGLs PolygonOffset  function. This
is the only methodknown to us which can be im-
plementeddirectly in Java3D andtakesadvantageof
hardwareaccelerationFor theline weightmary con-
ventionsexist which the illustrator choosesamong,
basedon the intentionof theimage. The threemost
commononesare: a uniform weight usedthrough-
outtheimagestwo line weightswith heavy linesfor
outeredgesandlight linesfor interior lines,andvary-
ing the line weight along a single line emphasizing
the perspectie of the drawing by heary linesin the
foreground. An improved depthinformation canbe
attainedby choosinglines with varying weights. To
accomplishdifferent line widths even within a sin-
gle object—inJava3D a shapeobjectnodecanonly
have one appearancghich is valid on the complete
object—thecompletesceneis divided into different
line width regions.

Surface shadingin technical illustrations displays
subtleshapeattributes.ln mosttechnicalllustrations,
hue changesare usedto indicate surfaceorientation
ratherthanre ectancebecauseshapeinformationis
consideredmore importantthan precisere ectance
information. A hue shift of the shadingmodel re-
ducesthe dynamicrangefor shadingin orderto en-
sure that highlights and edgelines remain distinct.
This follows Tufte's strategyy [Tufte97] of the small-
esteffective difference:*Makeall visualsdistinctions
as subtle as possible, but still clear and effective”.
Therefore,Goochet al. [Gooch98]proposea tone-
basedcool/warm shadingmethod. We approximate
this modelby usingtwo directionallight sourceswvith
directionvectorsl and-l. The respectre colorsare
kwarm Keool 2@nd Keool  Kwarm 2, andthecolor
of theambientlighting is Kkeoor  Kwarm » Wherekeool
speci esa cool tone(mostly bluishandgreenistcol-
ors) andkyarm @ warmtone (mostly reddish,yellow-
ish, andorange). In a secondrenderingpass,white
speculahighlightsareadded.

We extendGoochet al. s modelby two methodsfor
distancecolor blendingin orderto enhancehe per
ceptionof depth.The rst one,whichis alsousedby
Ebertet al. [Ebert00],is a simpleintensitydepthcu-
ing by applyingaspeci ¢ colorascuingcolor. Artists
often use a bluish or anothersuitable background
tonefor cuing. This effect can be approximatedn
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Figure5: Systemoverviewn of MinkRel\is.

a hardware-basedenderingpipelineby addinga lin-

earfog to thescene We proposeanothemethodthat
changeghe saturatiorninsteadof the intensityof dis-
tant objects. In our opinion this resultsin a better
subjectve impressiorof theimportanceof closerob-
jects. Sincethis approactdoesnot changehebright-
nessof objects,structuresn the backgroundarestill

recognizable—wheredke rst approactblursthese
structures. The saturationof a fragmentcanbe de-
scribedby:

Ziragment  Zmin ks

S S
Zmax  Zmin

wheresy is the new saturation,ss the original satu-
ration, and Zragmentthe z valueof this fragment. The
maximumz valueis zmax theminimumzvalueis zqyin,
and ks is an additional saturationparameter How-
ever, this methodis more dif cult to implementbe-
causeboth the frame buffer andthe z buffer have to
bereadin orderto adaptthe color values.In Jara3D,
for example,this canonly be achievedin intermedi-
atemoderendering SUN M0QO] andhassomecertain
drawvbacks suchasgiving up doublebuffering.

6 SYSTEM OVERVIEW

Our programMinkRel\fs (Minkowski Relatvistic Vi-
sualization) makes use of the Jara3D scenegraph
API from SUN and the graphicaluserinterfaceis
basedon Jara2 Swing/JFCclasses. The main rea-
son for using Jara3D is its platform independeng
Java3Dis currentlyavailablefor Microsoft Windows,
Linux, Solaris, HP-Unix, SGl's IRIX, and IBM's
AIX. Other reasonsare a rapid GUI productionin
Java, agreatvariety of freely available3D le format
loaderdCouch01] thepossibilityto integratethesys-
teminto a web ervironment,andthe ongoingstrong
supportfor this API. Right now, thefuture of Java3D



Figure6: Non-relatiistic testscene.The yel-
low conerepresenttheobsener.

looks bright and mary new interestingfeatureswill
beaddedn futureversiongSUN MO1].

MinkRel\s consistof four mainparts(seeFigureb):

The SceneGraphControler which han-
dlesandstoresall scenggraphstructuref the
wholesystem.

TheNon-relativistic View whichdis-
playsthe scenein it's normal“non-relativistic
view”. Here,the useraccomplishesis main
taskslik e placingthe obsenerandtheintersec-
tion plane.

The Relativistic View shawing a cur-

rentshotof thescenefrom the obsener's point
of view if hewouldbe ying throughthescene.
The “relativistic view” is basedon relatvistic

polygonrendering.

TheMinkowski  Diagram moduleitself.

Non-relativistic View, Relativistic
View, and the Minkowski Diagram have all
their own rendercarvasesand scenegraphswhich
aremanagedy the SceneGraphControler

7 RESULTS

Figure 7 shavs two typical snapshotgaken from
MinkRel\s. Bothimagesshon aMinkowski diagram
generatedy usingatestscenewhich canbe seenin
Figure6. In Figure7, theleft imageusesnormalren-
deringandtheright imageusesNPR.In bothimages
theobsenertravelswith avelocity of 0 8c. The con-
tractionof lengthandtime dilatationbecomeappar
ent. Moreover, the aberratiorof light is visible in the

Tablel: Performanceneasurements.

Task Duration
inms in percent
intersectiorcalculation 491 20
scenggraphtraversal 180 7
extrusionof intersectiorlines 1723 71
others/communication 21 2
total 2415 100

left imageasthe pointsof the secondight coneshift
into theobsenrer'sdirectionof motion. Visibility tests
arealsoactivated;thelight coneendsat theintersec-
tion pointswith theworld tubes.

To verify that the systemcan operatein nearly in-
teractve ratesfor typical applications,a testwith a
more complex sceneshaving a completeLanciaen-
gine block containing85 objects,174283triangles,
67746 normals,and 90108 verticeswas conducted.
Table1 shawvs theresultsfor the differenttasks. The
valuesweretaken on an Athlon 1200MHz PC with
512 MBytes RAM, Windows 2000 Service Pack2,
Java implementation1.3.1 from SUN, and Java3D
1.2.103 (OpenGL).The valuesshow thatthe largest
amountof time is usedfor extruding linesinto world
tubesandnottheintersectiorcalculation which only
takes abouta quarterof the total time. Overall we
arevery satis ed with the performanceand stability
of Java3D, althoughtherewerereportson problems
concerningdynamic scenesin the past [Kling01].
We alsoencounteredomeproblems/ligsandin e x-
ibility owing to the intermediate-modeenderingof
Jara3D. We hopethat theseissueswill be addressed
in futureimplementationsThe only realmajorprob-
lemwe experiencedvith Java3Dis its memoryusage.
Evensimplesceneslreadytake up severalmegabytes
of physicalmemoryandthereforethe Java virtual ma-
chinerunsout of its standarcheapsize of 64Mbyte
quitefast.

8 CONCLUSION AND FUTURE WORK

In this papera systemfor automaticallygenerating
2+1D Minkowski diagramshasbeenpresented.We
have proposedsomeadditional propertieswhich do
not exist in traditional spacetimediagrams. At the
sametime our systemcombinesand demonstrates
the differencebetweenabstractvisualizationand di-
rect renderingapproaches Furthermore NPR tech-
nigueshave beenadaptedndextendedo improvethe
perceptibility of the diagramsand allow a textbook-
like feeling. We have shawvn that the systemcanbe
implementedsuccessfullyin Jara3D today and that



Figure 7: 2+1D Minkowski diagramgeneratedrom the testscenein Figure 6, the left imagein normal
renderingstyle andtherightimagein NPRrenderingstyle.

the speedand reliability of Java3D are at a produc-
tive level. MinkRel\fs can be usedas an interac-
tive learningtool by studentgo visually explore the
complex natureof specialrelatiity. Anotherappli-
cation is the generationof meaningfulillustrations
of Minkowski diagramse.g.,asstill imagesin text-
books. MinkRel\fs is freely available from our web
page[Dieps01].

Futurework couldcoverseveralaspectsFirstthesys-
tem could be transferrednto a VR ervironment,the
necessaryoutinesarealreadyprovidedin the Java3D
API. Secondnot only changesf the obserer's ve-

locity but dynamic y-throughs with changingspeed
anddirectioncouldbeaddedandvisualized—bothn

the Minkowski diagramandin the relativistic view-

port. It mightbeinterestingo have morethanoneob-

senerin the systemsothatthe usercaneasilyswitch

from oneframeto another Multiple light conescould

also be addedto visualize the causalin uence be-

tweenobseners. Finally, markerscould be addedto

improvethevisibility of thecontractiorof lengthsand
time dilatation.
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