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Summary. Elaboratedvisualizationtechniquesvhich arebasedon surfacesoftenareinde-
pendenfrom the origin of the surfacedata. Neverthelessmary of the previously presented
visualizationmethodsweredevelopedfor a specifictype of surface,althoughprincipally ap-
plicableto genericsurfaces.In this papemwe discussa modelfor a generalaccesgo surface
propertiesup to ordertwo, i.e., surface-pointlocations,normals,and curvature properties,
(almost)regardlesf theorigin of the surface.Surfacetypesandaccesslgorithmsarecom-
paredandsummarizedAt the endof this paperwe shortly presentanimplementatiorof this
model.
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1 Intr oduction

Surfacesareimportantgeometrigorimitivesfor 3D visualization[20]. Usefultechniquesre
availableto rendersurfacesof variouskind. For instance scalardatavolumes(R® — R)
from medicalapplicationsare representedisingiso-surfices[17, 19]. Three-dimensional
vectorfields(R® — R?) from flow analysisarevisualizedby the useof streamsurfaced12,
28, 16].

In the pastyears,adwancedvisualizationtechniqueshasedon surfaceswere proposed
which usesemi-transparegcandlocal cunaturepropertieso enhancehe perceptabilityof
surfacesin 3D. Gerstnerfor example,demonstratedhe useof multiple, semi-transparent
iso-surficesfor visualizing very large datasetg6]. Interranteet al. [15, 13, 14] shav how
cunvature-basedechniquesenhancethe use of surfacesfor the visualizationof volumet-
ric data. Surfacecunaturealso playsan importantrole in surfacedesign[5], surfacefair-
ing [26, 11], surfacetrimming [10], surfaceevaluationandanalysig2, 25], andsurfacevisu-
alization[4].

In this papemwe developanaccessnodelto surfacepropertieaup to degreetwo, (almost)
regardlesf the origin of the surface. Several algorithmswhich arenecessaryo dealwith
differenttypesof surfacesarediscussed A C++implementatiorcalled SMURF — shortfor
sMmart surRFace model — of suchan abstractaccesdayer betweenadwancedvisualization
algorithmsandsurfacesof variousorigin (seeFig. 1) is describedo demonstrat¢he ease-of-
useof this approach.

Oneadwantageof specifyinga genericinterfacelike SMURF is that visualizationtech-
niquesare easily portedfrom one applicationto another Algorithms like modulatingthe
opacityof the surfaceaccordingto its curvaturepropertiesarenot boundto oneapplication,
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Fig. 1. SMURF is a genericinterfacebetweersurface-basedisualizationandsurfaceimple-
mentation.

but canbe re-usedor othersurfacesaswell. A similar approactin the areaof meshaccess
is describedby Rumpfetal. [22].

The remainderof this paperis organizedasfollows. First we give an overview of sev-
eral surfacetypesapparenin visualization(Sect.2). We thendiscusshe accesdo surface
propertiesupto degreetwo in termsof the previously mentionedsurfacetypes(Sect.3). This
sectionincludesa review of algorithmswhich arenecessaryor accessinglifferentsurface
types. An implementatiorof this model (SMURF) is presentedn Sect.4. Someresultsof
SMURF applicationsarediscussedn Sect.5.

2 SurfaceTypes

In thefollowing we describeseventypesof surfaceswhich areoftenusedin computegraph-
ics andvisualization. Surfacescan be definedimplicitly, for example,asan iso-suraceof
scalarvolumedata,or explicitly, i.e., analytically Using SMURF thefollowing surfacetypes
canbedealtwith:

Implicitly defined iso-surfacesfor discrete scalar data volumes (in the following
casel) — scalardatavaluesfsamp(x;) aregivenat certaindiscretelocationsx; in 3D, e.g.,
on aregular grid or asscattereddata. A certaininterpolantf(x) of thesevalues fsamp iS
consideredo implicitly definean iso-surfices (correspondingo a certainiso-value fs):
s={x|f(x)=f}

Implicitly definediso-surfacesfor analytic scalardata in 3D (case2) — a scalarfunc-
tion f(x) is given (asa “black box”), which canbe evaluatedat arbitrarylocationsx in 3D.
A scalarcontinuumover 3D is assumedo be the applicationof the functionto all points. A
certainiso-value fs specifiegheiso-surbices = { x| f(x)=fs }.

Implicitly defined stream surfaces for discrete vector fields (case3) — vectorial
datavsamp(x;) is given at certaindiscretelocationsx;, for example,on a curvilineargrid.
For a specificinitial line segmentor curve so(u) the correspondingtreamsurfaces(u, t) is
implicitly definedasso(u) + fot v(s(u, 7)) dr wherev(x) is aninterpolantof thediscrete
valuesvgamp (X;).

Implicitly defined stream surfaces for analytically specified dynamical systems
(case4) —avectorialfunctionv(x) is given(asa “black box”) to beevaluatedatarbitrarylo-
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cationsx in 3D. A vectorialcontinuumover 3D is assumeasthe applicationof thefunction
to all points. A certaininitial line segmentor curve so(u) is implicitly integratedto define
thestreamsurfaces(u, t) = so(u) + fot v(s(u,))dr.

Explicitly defined parametric surfaces(case5) — sucha surfaceis definedby a para-
metricfunctions : R> — R3.

Explicitly defined surfacesgiven in implicit form (case6) — an equationf(x) = 0
definesa surfacein 3D (notethatthis caseis similarto case?).

Explicitly defined discrete surface approximations (case7) — a mesh,i.e., a set of
polygonsis usedto explicitly specifyanapproximatiorof asmoothsurface.

Thereareothersurfacetypesaswell, for example explicitly expressingonecoordinatén
termsof theothers,s(z,y) = (z y z(z,y) ). Usuallythey canbe eithertransformednto
oneof theabore mentionedcasespr appearatherrarely Thereforethey arenot considered
separatelyn this paper

3 Accesdo Surface Properties

Algorithms usedfor visualizationof volumetric data can be broadly separatednto two
groups:

Image spacetechniques are usually basedon ray casting The datais intersectedvith a
viewing ray, which is definedby an eye point anda viewing direction,to locatevisible
surfacelocations.

Object spacetechniques projectthedataontotheimageplaneto renderthesurface.In this
caseoftenincrementakurfacecurvetravesalis usedto loop over the surfaceobject.

Elaboratedsurfacevisualizationmethodsusually are basedon surfacepropertiesup to the

order of two, i.e., the calculationof surface-pointlocations,surface normals,and surface
cunatureproperties.The accesgo surfacepropertiesj.e., the evaluationof theseproperties
for certainpointsof the surface,involvesa numberof algorithms[8] which aredependenon

the type of the surface. Examplesare function reconstructiorand gradientapproximation.
In the following we briefly summarizethe mostcommonapproachesor the surfacetypes
describedn Sect.2.

3.1 Surface-pointlocation

Whenrenderinga surface,the mostimportantinformation aboutthe datais wheresurface
pointslie. Basedon the knowledgeof surfacepointlocations,higherorderpropertiessuch
assurfacenormalsor cunaturepropertiescanbe computed.

Sincea genericinterfaceshouldbe usablefor imagespaceandobjectspacetechniques,
SMURF supportshothray castingandincrementaburfacecurvetraversal. In thefollowing
partwe firstly discusgay castingwith respecto surfacesof varioustypes.

Ray casting Theintersectionof a certainray (given by a view-point eye anda viewing
directiondir) andthe surfaceto beshavn yieldsa sortedist of surface-pointghit list). Usu-
ally justthefirst entryin the hit list is investigatedasthe (oneandonly) visible intersection.
Also, advancedvisualizationalgorithmsalsousesemi-transparerycof surfacesthusrequir
ing the computationof successie intersections.Therefore,a hit list of intersectionshould
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Fig. 2. 2D exampleof root finding alonga ray for iso-surficeray tracing— often two-fold
reconstructions used!

be returnedby the “ray casting”surfaceinterface(seeSect.4). Dependingon the type of
surface theintersectiorcalculationis donedifferently:

Analytic solution (cases, 6, and7) — in the caseof anexplicitly specifiedsurface,the
intersectiorbetweenra ray anda surfaceusuallycanbe expressecandsometimesalsocom-
putedanalytically However, in the usualcasethe evaluationof this intersectionexpression
hasto be doneusingnumericaimethoddik e root finding (seebelow).

In thecaseof aparametricsurface(caseb) thefollowing two equationhave to be solved
in termsof w andv (n; andn, aretwo orthogonalvectorswhich are both normalto the
viewing ray):

s(u,v) -n1 = eye- ng
s(u,v) -n2 = eye- ny

whereni -dir =0 andni ‘nj = (Sij

Dependingon the compleity of s, solving the above equationss usually not possiblein
closedform. Therearenumericatechniquego computethelist of intersectionsn termsof «
andw [7].

In theimplicit case(caseb) thefollowing equatiorhasto be solvedin termsof A:

fleye+ Adir) =0

Again, oftennumericalmethodsarerequiredto solve the above equation.

In the polygonalcase(case7) theoreticallyall polygonshave to be intersectedvith the
ray to evaluatethe hit list. However, spatialcoherencecanbe exploited by using special
datastructuresto speedup the intersectionprocesg1, 24, 9]. Othersimple but effective
enhancementik e back-ficeculling areavailableaswell.

Root finding (casedl and?2) — consideringaray beingcastinto a densityvolume,e.g.,a
continuumthatinterpolatesliscretedatavalues(casel) or the applicationof f to theentire
domain(case2), implicitly yields a scalardensityfunction at all points of the ray. This
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Fig. 3. Lazy evaluationray castingof streamsurfacesby the useof a “back-streansurface”.

function canbe sampledalongthe ray to searchfor intersectionswith the iso-surfice. An
interpolant,for instance Jlinear interpolation,is usedto approximatethe function alongthe
ray.

Figure2 illustratesthesestepsin a 2D example. Discretedensityvalues fsamp(x;) are
samplesof a particulardensitydistribution (arrangedfor example,on a regular grid). One
typical ray castingapproacthis to resampleaninterpolantf, oftena tri-linear interpolation,
atcertainlocationsalongtheray, i.e., f(r;) with r; = eye + ¢ Adir. For theidentification
of theray/ iso-surfceintersectiong;. aninterpolantg(x) alongtherayis taken(e.g.,linear
interpolation)with g(r;) = f(r;). Equationg(px) = g(eye + A dir) = fs is solved in
termsof \g.

Note,thattheuseof aseparaténterpolanty yieldsa doublereconstructiorof theoriginal
function f. Insteadg canalsobe definedto be the projectionof interpolantf ontotheray,
which actuallywould be the more accuratesolution. Unfortunately this approachs rather
complex asalreadythe projectionof atri-linear function f inducesthe interpolantg to bea
cubicfunctionin termsof A, [23].

Streamsurfaceintersection (cases3 and4) — the mostdemandingproblemwithin the
taskof locatingsurface-pointds streamsurfaceintersection.This is mainly dueto the fact
thatstreansurfacesareimplicitly definedthroughanadditionallyrequiredintegrationstepof
the underlyingvectorialdata. In flow visualizationoften pre-computedi.e., pre-integrated,
streamsurfacesare used. Numericaltechnigueslike Euler or Runge-Kutta integration, are
usedto step-by-steenerate polygonalapproximationof the streamsurface,which after
wardsis visualizedusingstandardneshrenderingmethodgcompareto case?).

Anotherapproaclexploits the reversibility of flow integration: insteadof explicitly gen-
eratingthe streamsurfaceitself, a “back-streansurface”is computedconsideringheray as
aninitial conditionandperformingflow integrationbackwardsin time. Any intersectionof
this “back-streansurface” andthe original initial setdirectly corresponds$o anintersection
of theinvestigatedstreamsurfaceandtheray via a streamline (cf. Fig. 3).

This approachis useful,for example,whenlazy evaluationis used(seeSect.4). Un-
fortunatelythis approachis ratherexpensve whenmary intersectionshouldbe computed.
Ontheotherhand,this duality (Fig. 3) canbe exploitedto increasenumericalstability of the
intersectiorcomputations- divergentflows aremoreaccuratelyintegratedbackwards.
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Fig. 4. Surface-cure traversalfor iterative object-ordesurfacerendering.

Surface-curvetraversal. In additionto ray casting,incrementakurface-cure traversal
waschosemasa complementanSMURF stratgy to accessurface-points.Startingwith an
initial surface-poinip, aneighborindocationseparatetly aspecificdistancedist is searched
in acertaindirectiondir. Surface-pointp, surfacenormaln, anddirectiondir defineaplane
whichintersectghesurfacein acertainsurface-cure. Out of both pointsonthe curve which
aredist (in termsof curve length)away from p the onewhich is mostly alignedwith dir is
consideredo bethe searchedocation. SeeFig. 4 for anillustration of this procedure.

Iso-surfaces(casesl and?2) — for implicitly definediso-suricesa numericalapproxi-
mationis usedto loop over the surface-cure. First, atangentvectort in surfacepointp is
definedonthebasisof thesurfacenormaln(p) anddirectiondir by t = n(p) x dir x n(p).
Then,from apointq = p + dist t alocal ray castingstepis performedn direction+n(p).
If nouniquesolutionis foundwithin a smalldistancdrom q, a sequencef smaller iterative
stepsis performednsteadof onewith distancedist.

Stream surfaces(cases3 and4) — steppingalonga streamsurfaceis usually doneei-
theralongtheflow, i.e., in directionv(p), or acrosstheflow, i.e., alongtime lines. A step
alongthe flow equalsthe integration of the underlyingflow datafrom point p for a cer
tain distancesp (t) = p + fot v(sp(7))dr. A neighborneigh(p, v(p), dist) of pointp
thereforeis computedass; (d) suchthatthe curve-lengthbetweenp andsy (d) is dist. A
surfaceneighborof pointp = s(up, tp) alongatime line in the streamsurfaceis defined
ass(up+Au, tp) suchthatthelengthof thetime line segmentinbetweerbothpointsis dist.
Usually Aw not really approximatesiist in a sufiiciently accuratewvay, so aniterative ap-
proachis requiredlik e bisectioning.

Explicit surfaces(casess, 6, and7) — in the caseof a parametricsurface(caseb), the
tangentvectort = n x dir x n, which correspondso directiondir, is first decomposehto
parameters; andwv; suchthatt = ugs, + ves, (S, = 0s/0w). Then,surfacepoints(up+
%tut, vp+d+5|tut) canbeusedasalfirst approximatiorin aniterative procedurdor locating
thesurfaceneighbor In cases, theprocedurdor case? is used.In case?, theintersectiorline
betweerthepolygononwhich pointp liesandtheplanewhichis spannedy n(p) anddir, is
computedlf thedistanceof p andthepolygonedge(in thedirectionof theintersectiorline)
is largerthan dist, thenthe respectie neighborof p lies on the samepolygon. Otherwise,
theneighbomolygonhasto besearche@crosghepolgonedge.There theprocedureepeats
with theintersectiorof polygonandplane,etc.
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3.2 Surfacenormal computation

Variouscomputergraphicsalgorithmsuse surface normals, e.g., for shadingor back-fice
culling. Theacquisitionof a normalcorrespondingdo a certainsurface-pointagaindepends
onthetype of surface:

Analytic solution (cases and6) — if the surfaceis givenexplicitly, usuallythe surface
normalat a certainpoint canbe computedanalytically In the parametriccase(case5) the
cross-productds/du |, x ds/dv|, of two tangentvectorsyields a (not yet normalized)
surfacenormalat point p. Of coursethisis only possibleif bothtangentsarenot collinear
In theimplicit case(cased) thegradientVf|p is asurfacenormalof theiso-surficethroughp
(notnormalized).

Gradient reconstruction from densities(casesl and 2) — assuminga function f(x)
which canbe evaluatedat arbitrarypointsx (f is eitherthe “black box”, case2, or aninter-
polant,casel), surfacenormals(not normalized)canbe computedisingcentraldifferences,
for example:

f(x+e1) — f(x—e1)
n(p) = Vf|, = 5 | f(x+e2) — f(x—e)
f(x+e3) — f(x—e3)

ei= (61 62 03:)"

Higherorderapproximation®of the gradientare possibleaswell. In general,an arbitrarily
comple derivative filter canbeappliedfor gradientreconstruction3, 1§].

Note,thatin case? centraldifferenceseasilyareevaluatedat arbitrarysurfacelocations,
whereasn casel (whendealingwith datasampleson a regular grid) normalsare usually
approximateatgrid locationsandtheninterpolatedwithin cells,for example,usingtri-linear
interpolation.

Normal reconstructionfrom polygons(case7) — a standardbrocedurédor reconstruct-
ing normalswithin polygonsis usedfor Phongshading[21]: atthe verticesof a polygona
weightedsumof all the normalsof adjacenpolygonsis computed Thesevertex normalsare
interpolatedwithin the polygonto approximatehe normalsof the surfacewhich is approxi-
matedby the polygons.

Streamsurfacenormals (cases3 and4) — In the caseof a pre-computedtreamsurface
in the form of a setof polygons,againtechniquedor case7 canbe used.In the othercase,
the (not yet normalized)surfacenormaln(p) canbe computedasthe cross-producof two
tangentvectors:

n(p) = n(s(up, tp)) = v(p) X (s(up+Au,tp) — s(up—Au, tp))

Onetangentyv(p), equalshevectorialdatain the surfacepoint whereaghe othertangents
numericallyapproximate@s(central)differencefrom neighboringstreaminesin thestream
surface.

3.3 Surfacecurvature

Second-ordesurfacepropertiesij.e., cunatureinformation,is usedto enhanceurface-based
visualization.Shapeandlocationof a surfacecanbe betterperceved, for example,if cuna-
turedirectedstrokesareappliedto the surface[14].

Surfacecurvatureusuallyis expressedn severalterms,e.g.,Gaussiaror meancunature.
Both cunaturepropertieslependon a surface-curaturedefinition[5] whichis dependentn
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a specifictangentdirection. Principal directionsare thosetangentdirectionswhich yield
eithermaximumor minimumcunature.

Curvature calculation for parametric surfaces(case5) — Thefirst andsecondunda-
mentalcoeficents(with the usualabbreiations)of a parametricsurfaces(u, v) aredefined
as

E=sy -8y, F=s8y-8,, G=8,"8,
L=sy, n, M=sy, -n,N=8,,-n

withn = (s, X sy) / |su X sy| beingtheunit normalvectorands,, = ds/du, s, = 9s/dv.
Thenormalcunaturein tangentdirectionu’ : v’ is

Lu'? + 2Mu'v' + Nv'?

Eu'? + 2Fu'v' + Gv'?

For x beingextremalit mustsatisfythe equation5]

WE—L kF—M
det [mF—M nG—N] =0

Theextremevaluesk; andk» arethe principal curvaturesof the surfaceatx and

KiK2 = (LN—-M?)/(EG—F?)
ki+k2 = (NE-2MF+LG)/(EG-F?)

arethe Gaussiarandmeancurvature respectiely.

Curvature calculation for implicit surfaces(case6) — In a surface-pointp of interest
we considem(p) to bea unit normalof the planewhich is tangento the surfacethroughp,
i.e.,n(p) = Vflp / | Vf|p|. Assuminge; to beanarbitraryvectorof unit lengthcontained
in thetangenfplane,we constructalocal Frenetframe:

d = (e1 es n(p))
e1-n(p)=0

ez =n(p) X er

Searchingfor the principal curvature of the surfacethroughp, we have to investigatethe
change®f n(x) nearp with respecto change®f x within thetangenplane,i.e.,x =p+re,
with e,, beingaunit lengthvectororthogonako n(p), i.e., lying in thetangentplane.

Directione,, where Vn| - e,, i.e., the directionalderivative of n nearp into direc-
tion e,, is greatesin termsof length(callede; in the following), is thenthefirst principal
directionof the surfacethroughp. The secondprincipal directionis orthogonatto both eg
andn(p). The relatedcurvaturesare the lengthsof the directional derivatives along the
principaldirections.

As derivation is a linear operatoy the directional derivative of n into some direc-
tion e, = cosp e:1 + sing ez canbewrittenin termsof the directionalderiative of n into
directionse; andes:

anp- e, = (anp-el Vn|p-e2) . (cos‘P>

singp

Since Vn|, - e, is orthogonato n(p) also,we canexpressit in termsof e, ande; by the
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Fig. 5. Thedefinitionof a streamsurfacethrougha point p is ambiguous- dependingn the
seedingstructure a variety of differentstreamsurfacesarepossible. Thereforenormalsand
cunaturepropertief streamsurfacesareof limited usefor the visualizationof flow data.

useof decompositiowith (z y)T = (cosp sinp)T:

o\ _ (el  Vn|, e T_ z
y ) \es Vn|,-e; Y

-~
A =(wij), wij=e;-Vn| e;

Searchingor thegreateseigevector(x; y5)" of matrix A, directly yieldsthe correspond-
ing first principaldirectionviae; = (e1 e2) - (g y5)".

Curvature reconstruction from densities (casesl and 2) — to reconstructcunature
propertiesof iso-surbicesobtainedfrom scalarvolume dataessentiallythe sameprocedure
asfor implicit surfacescanbe used.A function f(x) is assumedwhich canbe evaluatedat
arbitrarypointsx (seeSect.2), aswell asafunctionn(p) = Vf|, / | Vf|p| which yields
theunit normalatanarbitrarypointp (seeSect.3.2). Againtheeigetvaluedecompositiorof
matrix A = (e; - Vn| - e;)i; in termsof alocal Frenetframegivesthe searchedunature
properties.

Stream surface curvature (cases3 and4) — in the caseof a pre-computedtreamsur
facetechniqueglescribedfor case7 (seebelow) are used. In the caseof a streamsurface
on demandcunature propertiescould be derived by investigatingthe changesf a normal
with respecto changeswithin the tangentplane. It mustbe notedherethat streamsurface
cunvatureis rarly usedfor visualizationsinceit easilymight be misinterpretedasa property
of theunderlyingvectorfield. Figure5 illustrateswhy streansurfacecurvature— evenstream
surfacenormals— usuallylack importancein visualization. Both propertiesheaiily depend
onthechoiceof theinitial condition.

Curvaturereconstructionfrom polygons(case7) — To reconstructunatureproperties
from polygons,one olvious procedurewould be to constructan interpolantand calculate
analyticallythe cunatureof theinterpolant. ToddandMcLeod[27], however, reportthatthis
approaclyieldsin generacompletelyunsatisfyingresults.

Therefore,they proposeto approximatethe Dupin indicatrix from the verticesof the
polygons,by exploiting Meusnierstheorem[5], estimatingnormal cunaturesin particular
directions(which requiresto estimatethe normal, for example,with the approachusedin
Phongshadingasdescribedn Sect.3.2) andfinally fitting a centralconicto thatdata.
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Fig. 6. SMURF classhierarchyandinterface.

4 SMURF Classes

After having identifiedthe differentsurfacetypes(Sect.2) andaccesschemegSect.3) the
integrationin a C++ classhierarchycalled SMURF (seeFig. 6) is straight-forvard. An ab-
stractbaseclassprovidesall commonpropertiesof thedifferentsurfacetypesandtheaccess
interfaceto surfacepropertiesasvirtual functions.Sub-classesorrespondingo the surface
types,arederived from this abstracbaseclassandredefinethe accesschemesiccordingly

To distinguishdiscretescalarvolumedata-setg§casel) from analyticscalarvolumefunc-
tions (case2) a classScal Vol Dat a hidestheinterface. Thereforeclassl soSnur f can
treatthesetwo caseshe sameway. The sameholdsfor discretevectorfields (case3) and
analytically specifieddynamicalsystems(case4) via classVect Vol Dat a. This means,
thatall the seven caseof surfacetypeswhich werepresentedn Sect.2 aremappedo four
sub-classesf SMURF, i.e., ISOSMURF, STREAM SMURF, ANASMURF, and POLY SMURF.
SeeFig. 6 for therelationsbetweertheseclasses.

An importantconcepin theimplementations theoneof lazy evaluation,i.e.,computing
not more thannecessanat a certainpoint in time. For example,ray castingcanbe termi-
natedafterfinding the desiredntersectiorpoint. Furthersurfacepropertiesareevaluatedon
demandandstoredfor future use.Therefore a classhierarchySnur f Poi nt is introduced
which mirrors the Snur f classhierarchyand senes as memory elementfor the specific
surfacetypes,i.e., it storesall relevantinformationalreadycomputedwhich canbere-used.
Again, Fig. 6 illustratestherelationsbetweertheseclasses.



Accesso surfacepropertiesup to ordertwo for visualizationalgorithms 11

Fig. 7. 1so-surbcecomputedor tenslicesof ahumanheadscanwith cunaturecrosses.

5 Results,Applications

By hiding the intrinsic differencesbetweenthe surfacetypesidentifiedin Sect.2 SMURF
supportghe userwith thefollowing tasks:

Implementation of advanced visualization techniques— SMURF easeshis task by
providing an interface for obtaining surface propertiesindependentlyof the surfacetype.
Figure 7 shaws an iso-surfice with crossesalignedto the principal directions(similar to
Becketal. [2]). Figure8 wasgeneratedisingthe codedepictedn Fig. 9 —ary othersurface
typecouldberenderedisingthe samecodeby just changingthe very first line.

Comparison of algorithms — for instance reconstructiorschemegan be easilycom-
paredby samplingan analytic function and applying a visualizationalgorithmto both the
scalardatavolumeandthe analyticfunction. In Fig. 10 this conceptwasusedto compare
linearandcubicinterpolationwith respecto functionreconstructiorandthe computatiorof
the Gaussiarcunvaturewith the correspondingnalyticfunction (a quadraticn 3D). Linear
reconstructiorof densitieds clearlyseerin Fig. 10(a),whereaghereis no percevablediffer-
encebetweerFig. 10(b) and(c). Comparingthe cunatureplot (color wasusedto visualize
the Gaussiarcurvature),subtledifferencesanbe obtainedevenbetweerFig. 10(b)and(c).

Figure11 compareshe quality of curvaturereconstructior{by calculatingprincipal cur-
vaturelinesof acylinder) dependingn linearandcubicdensityreconstructionin Fig. 11(a)
smallerrorsaccumulatediuringnumericalintegrationof the curvaturelinesarevisible.
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Fig. 8. Contourdisplayof alobsterCT scan- seeFig. 9 for the SMURF-codeusedto render
thisimage.

Smurf *pSnurf = new | soSmurf ("l obster.dat", threshol d);
for (p=pFirstPixel(); p!=NULL; p=pNextPixel())

VEC3 dir

Smur f Hi t Li st Handl e HLH
Snur f Poi nt Handl e PH
VEC3 nor nal

nornal i ze( *p-eye);
pSnurf->get HitLi stH(eye, dir);
pSnur f - >get Poi nt H( HLH, 0) ;
pSnur f - >get Nor mal ( PH) ;

if (-dir*normal < 0.6)
p->set(1-(-dir*normal));
el se
p- >set (0);

Fig. 9. Codeusedfor draving lobstercontoursdepictedn Fig. 8.
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Fig. 10. Gaussiarcurvature plot usinglinear (a) and cubic (b) function reconstructiorvs.
analyticcomputation(c).

6 Future Work

Oneolviousdisadantageof ageneralschemdike SMURF is thatit principally sufersfrom
inefficiengy. Performanceanbeimproved by including, e.g.,intelligentcachingstrategyies
andimplementatiorshort-cuts.Furthermorejt shouldbe possibleto exploit ray-to-rayco-
herenceof visualizationalgorithms. Thus, again,cachingand addressingf external data
mustbe allowed by thescheme.

Anotherideais to extendthe SMURF conceptto a ‘set of SMURFS’ classwith a similar
interface. Consecutie intersectionslonga ray arereportedin correctorderfrom different
surfaces,e.g., stacled iso-surficesor multiple streamsurfaces. Even surfacesof different
type could be easily combinedusingthis concept,for example, patientdatatogetherwith
objectsfrom (virtual) sugeryplanning.

7 Conclusions

OurgenerapurposesurfaceinterfaceSMURF allowsto easilyre-useelaboratedisualization
techniqueshatarebasedn surfacesin 3D. Examplesarecunature-directedtrolesor plot-

ting cunvaturelines,with surfacesoriginatingfrom variousapplicationdik eiso-surbicesrom

medicalapplicationsor streamsurfacesfrom flow visualization.Surfacepropertiesup to the
orderof two, i.e., curvatureinformation,areavailableto the userin a transparentvay. Ray
castingaswell asincrementalkurface-cure traversalare provided assurfaceaccessstrate-
gies. Thus, advancedsurfacevisualizationtechniquesan be developedwithout having to

careaboutspecificalgorithmsfor calculatingparticularsurfaceproperties.Their portability
to othersurfacetypesis anothermdwantageof the SMURF concept.

For the realizationof this conceptwe first identified the mostoften usedsurfacetypes
andcompared/ariousalgorithmsfor accessingurfacepropertiesn generabeforewe unified
themin auniqueinterface.As mostvisualizationapplicationshave to dealwith samplediata,
analyticevaluationis discussedswell asvariousreconstructiorschemesThe usefulnes®f
this approachis demonstratetly severalresultswe obtainedwith our actualimplementation.
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Fig. 11.Quality of curvaturecalculationgdependingn thefunctionreconstructiorscheme-
linear(a) vs. cubic(b) reconstruction.
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