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Summary. Elaboratedvisualizationtechniqueswhich arebasedon surfacesoftenareinde-
pendentfrom theorigin of thesurfacedata.Nevertheless,many of thepreviously presented
visualizationmethodsweredevelopedfor a specifictypeof surface,althoughprincipallyap-
plicableto genericsurfaces.In this paperwe discussa modelfor a generalaccessto surface
propertiesup to order two, i.e., surface-pointlocations,normals,andcurvatureproperties,
(almost)regardlessof theorigin of thesurface.Surfacetypesandaccessalgorithmsarecom-
paredandsummarized.At theendof thispaperweshortlypresentanimplementationof this
model.
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1 Intr oduction

Surfacesareimportantgeometricprimitivesfor 3D visualization[20]. Usefultechniquesare
availableto rendersurfacesof variouskind. For instance,scalardatavolumes(

�����	�
)

from medicalapplicationsare representedusing iso-surfaces[17, 19]. Three-dimensional
vectorfields(

���
�����
) from flow analysisarevisualizedby theuseof streamsurfaces[12,

28, 16].
In the pastyears,advancedvisualizationtechniquesbasedon surfaceswereproposed

which usesemi-transparency andlocal curvaturepropertiesto enhancetheperceptabilityof
surfacesin 3D. Gerstner, for example,demonstratedthe useof multiple, semi-transparent
iso-surfacesfor visualizingvery large datasets[6]. Interranteet al. [15, 13, 14] show how
curvature-basedtechniquesenhancethe useof surfacesfor the visualizationof volumet-
ric data. Surfacecurvaturealsoplaysan importantrole in surfacedesign[5], surfacefair-
ing [26, 11], surfacetrimming [10], surfaceevaluationandanalysis[2, 25], andsurfacevisu-
alization[4].

In thispaperwedevelopanaccessmodelto surfacepropertiesupto degreetwo, (almost)
regardlessof theorigin of thesurface. Severalalgorithmswhich arenecessaryto dealwith
differenttypesof surfacesarediscussed.A C++ implementationcalledSMURF – shortfor
SMart sURFacemodel – of suchan abstractaccesslayer betweenadvancedvisualization
algorithmsandsurfacesof variousorigin (seeFig. 1) is describedto demonstratetheease-of-
useof this approach.

Oneadvantageof specifyinga genericinterfacelike SMURF is that visualizationtech-
niquesare easilyportedfrom oneapplicationto another. Algorithms like modulatingthe
opacityof thesurfaceaccordingto its curvaturepropertiesarenot boundto oneapplication,
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advanced visualization algorithm
based on surfaces

SMURF

‘‘arbitrary’’ surface, e.g., 
iso−surface, analytic surface, etc.

Fig. 1. SMURF is a genericinterfacebetweensurface-basedvisualizationandsurfaceimple-
mentation.

but canbere-usedfor othersurfacesaswell. A similar approachin theareaof meshaccess
is describedby Rumpfet al. [22].

The remainderof this paperis organizedasfollows. First we give an overview of sev-
eral surfacetypesapparentin visualization(Sect.2). We thendiscusstheaccessto surface
propertiesupto degreetwo in termsof thepreviouslymentionedsurfacetypes(Sect.3). This
sectionincludesa review of algorithmswhich arenecessaryfor accessingdifferentsurface
types. An implementationof this model(SMURF) is presentedin Sect.4. Someresultsof
SMURF applicationsarediscussedin Sect.5.

2 SurfaceTypes

In thefollowing wedescribeseventypesof surfaceswhichareoftenusedin computergraph-
ics andvisualization. Surfacescanbe definedimplicitly, for example,asan iso-surfaceof
scalarvolumedata,or explicitly, i.e.,analytically. UsingSMURF thefollowing surfacetypes
canbedealtwith:

Implicitly defined iso-surfacesfor discrete scalar data volumes (in the following
case1) – scalardatavalues ��
�������������� aregivenat certaindiscretelocations��� in 3D, e.g.,
on a regular grid or asscattereddata. A certaininterpolant ������� of thesevalues ��
������ is
consideredto implicitly definean iso-surface � (correspondingto a certain iso-value � � ):�"!$#%�'&��������(!)�*�,+ .

Implicitly definediso-surfacesfor analytic scalar data in 3D (case2) – a scalarfunc-
tion ������� is given(asa “black box”), which canbeevaluatedat arbitrarylocations� in 3D.
A scalarcontinuumover 3D is assumedto betheapplicationof thefunctionto all points.A
certainiso-value � � specifiestheiso-surface �"!$#%��&-�����%�(!.� �/+ .

Implicitly defined stream surfaces for discrete vector fields (case3) – vectorial
data 0�
1�����2�����3� is given at certaindiscretelocations��� , for example,on a curvilineargrid.
For a specificinitial line segmentor curve �*4(��5,� thecorrespondingstreamsurface �(��5�6-7�� is
implicitly definedas � 4 ��5,��8:9<;4 0=�>�(��5�6�?/���A@2? where 0=���%� is aninterpolantof thediscrete
values0�
1�����2�����3� .

Implicitly defined stream surfaces for analytically specified dynamical systems
(case4) – avectorialfunction 0B����� is given(asa“black box”) to beevaluatedatarbitrarylo-
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cations� in 3D. A vectorialcontinuumover3D is assumedastheapplicationof thefunction
to all points. A certaininitial line segmentor curve �*4(��5,� is implicitly integratedto define
thestreamsurface �(��5�6-7��C!D� 4 ��5,��8 9 ;4 0=�>�(��5�6�?/���E@�? .

Explicitly definedparametric surfaces(case5) – sucha surfaceis definedby a para-
metricfunction �GF � � �H� �

.
Explicitly defined surfacesgiven in implicit form (case6) – an equation�������I!KJ

definesa surfacein 3D (notethatthiscaseis similar to case2).
Explicitly defined discrete surface approximations (case7) – a mesh,i.e., a set of

polygonsis usedto explicitly specifyanapproximationof a smoothsurface.
Thereareothersurfacetypesaswell, for example,explicitly expressingonecoordinatein

termsof theothers,�(��L�6NMO�C!P��L)M�QO��L�6�M2�A�-R . Usually they canbeeithertransformedinto
oneof theabove mentionedcases,or appearratherrarely. Therefore,they arenotconsidered
separatelyin this paper.

3 Accessto SurfaceProperties

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

Imagespacetechniques areusuallybasedon ray casting. The datais intersectedwith a
viewing ray, which is definedby aneye point anda viewing direction,to locatevisible
surfacelocations.

Object spacetechniques projectthedataontotheimageplaneto renderthesurface.In this
caseoftenincrementalsurfacecurvetraversal is usedto loop over thesurfaceobject.

Elaboratedsurfacevisualizationmethodsusuallyarebasedon surfacepropertiesup to the
order of two, i.e., the calculationof surface-pointlocations,surfacenormals,and surface
curvatureproperties.Theaccessto surfaceproperties,i.e., theevaluationof theseproperties
for certainpointsof thesurface,involvesanumberof algorithms[8] whicharedependenton
the type of the surface. Examplesarefunction reconstructionandgradientapproximation.
In the following we briefly summarizethe mostcommonapproachesfor the surfacetypes
describedin Sect.2.

3.1 Surface-point location

Whenrenderinga surface,the most importantinformationaboutthe datais wheresurface
pointslie. Basedon theknowledgeof surfacepoint locations,higher-orderproperties,such
assurfacenormalsor curvatureproperties,canbecomputed.

Sincea genericinterfaceshouldbeusablefor imagespaceandobjectspacetechniques,
SMURF supportsboth ray castingandincrementalsurfacecurvetraversal. In thefollowing
partwe firstly discussraycastingwith respectto surfacesof varioustypes.

Ray casting. The intersectionof a certainray (givenby a view-point S�T/S anda viewing
direction U%V1W ) andthesurfaceto beshown yieldsasortedlist of surface-points(hit list). Usu-
ally just thefirst entry in thehit list is investigatedasthe(oneandonly) visible intersection.
Also, advancedvisualizationalgorithmsalsousesemi-transparency of surfaces,thusrequir-
ing thecomputationof successive intersections.Therefore,a hit list of intersectionsshould
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Fig. 2. 2D exampleof root finding alonga ray for iso-surfaceray tracing– often two-fold
reconstructionis used!

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

Analytic solution (cases5, 6, and7) – in thecaseof anexplicitly specifiedsurface,the
intersectionbetweena ray anda surfaceusuallycanbeexpressedandsometimesalsocom-
putedanalytically. However, in theusualcasetheevaluationof this intersectionexpression
hasto bedoneusingnumericalmethodslike root finding (seebelow).

In thecaseof aparametricsurface(case5) thefollowing two equationshaveto besolved
in termsof 5 and X ( Y � and Y � are two orthogonalvectorswhich areboth normal to the
viewing ray): �(��5�6�X��%Z Y � ![SAT/SGZ Y ��(��5�6�X��%Z Y � ![SAT/SGZ Y �

whereY%��Z\U%V1W]!^J and Y%��Z*Y`_a![b*� _
Dependingon the complexity of � , solving the above equationsis usually not possiblein
closedform. Therearenumericaltechniquesto computethelist of intersectionsin termsof 5
and X [7].

In theimplicit case(case6) thefollowing equationhasto besolvedin termsof c :����SAT/Sd8ec"U%V1Wf�C!DJ
Again,oftennumericalmethodsarerequiredto solve theabove equation.

In thepolygonalcase(case7) theoreticallyall polygonshave to be intersectedwith the
ray to evaluatethe hit list. However, spatialcoherencecan be exploited by usingspecial
datastructuresto speedup the intersectionprocess[1, 24, 9]. Other simple but effective
enhancementslike back-faceculling areavailableaswell.

Root finding (cases1 and2) – consideringa raybeingcastinto adensityvolume,e.g.,a
continuumthat interpolatesdiscretedatavalues(case1) or theapplicationof � to theentire
domain(case2), implicitly yields a scalardensity function at all points of the ray. This
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Fig. 3. Lazyevaluationraycastingof streamsurfacesby theuseof a “back-streamsurface”.

function canbe sampledalongthe ray to searchfor intersectionswith the iso-surface. An
interpolant,for instance,linear interpolation,is usedto approximatethe functionalongthe
ray.

Figure2 illustratesthesestepsin a 2D example. Discretedensityvalues ��
1�����2�����3� are
samplesof a particulardensitydistribution (arranged,for example,on a regular grid). One
typical ray castingapproachis to resamplean interpolant � , oftena tri-linear interpolation,
at certainlocationsalongtheray, i.e., ����W � � with W � !^SAT/S
8hgAijU%V1W . For theidentification
of theray/ iso-surfaceintersectionskCl aninterpolantm,����� alongtheray is taken(e.g.,linear
interpolation)with m,��W����C!n����W��3� . Equation m,��kClf�C!om,��SAT/Sd8pc/l�U%V1Wf�C!n� � is solved in
termsof c l .

Note,thattheuseof aseparateinterpolantm yieldsadoublereconstructionof theoriginal
function � . Instead,m canalsobedefinedto betheprojectionof interpolant� onto theray,
which actuallywould be the moreaccuratesolution. Unfortunately, this approachis rather
complex asalreadytheprojectionof a tri-linear function � inducestheinterpolantm to bea
cubicfunctionin termsof c/l [23].

Streamsurfaceintersection (cases3 and4) – themostdemandingproblemwithin the
taskof locatingsurface-pointsis streamsurfaceintersection.This is mainly dueto the fact
thatstreamsurfacesareimplicitly definedthroughanadditionallyrequiredintegrationstepof
theunderlyingvectorialdata. In flow visualizationoftenpre-computed,i.e., pre-integrated,
streamsurfacesareused.Numericaltechniques,like Euleror Runge-Kutta integration,are
usedto step-by-stepgeneratea polygonalapproximationof thestreamsurface,which after-
wardsis visualizedusingstandardmeshrenderingmethods(compareto case7).

Anotherapproachexploits thereversibility of flow integration:insteadof explicitly gen-
eratingthestreamsurfaceitself, a “back-streamsurface”is computed,consideringtherayas
an initial conditionandperformingflow integrationbackwardsin time. Any intersectionof
this “back-streamsurface”andtheoriginal initial setdirectly correspondsto anintersection
of theinvestigatedstreamsurfaceandtherayvia a streamline (cf. Fig. 3).

This approachis useful, for example,when lazy evaluationis used(seeSect.4). Un-
fortunatelythis approachis ratherexpensive whenmany intersectionsshouldbecomputed.
On theotherhand,thisduality (Fig. 3) canbeexploitedto increasenumericalstabilityof the
intersectioncomputations– divergentflows aremoreaccuratelyintegratedbackwards.
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Fig. 4. Surface-curve traversalfor iterative object-ordersurfacerendering.

Surface-curve traversal. In additionto ray casting,incrementalsurface-curve traversal
waschosenasa complementarySMURF strategy to accesssurface-points.Startingwith an
initial surface-pointk , aneighboringlocationseparatedbyaspecificdistanceqsr�tvu is searched
in acertaindirection U%V1W . Surface-pointk , surfacenormal Y , anddirection U%V1W defineaplane
which intersectsthesurfacein acertainsurface-curve. Outof bothpointson thecurvewhich
are qsr1twu (in termsof curve length)away from k theonewhich is mostlyalignedwith U%V1W is
consideredto bethesearchedlocation.SeeFig. 4 for anillustrationof this procedure.

Iso-surfaces(cases1 and2) – for implicitly definediso-surfacesa numericalapproxi-
mationis usedto loop over thesurface-curve. First, a tangentvector x in surfacepoint k is
definedonthebasisof thesurfacenormal YB��kC� anddirection U%VyW by x
!DY=��kC�OzdU�V1W=z
YB��kC� .
Then,from a point {)!^k.8Dqsr�tvuAx a local raycastingstepis performedin direction |aYB��kC� .
If nouniquesolutionis foundwithin asmalldistancefrom { , asequenceof smaller, iterative
stepsis performedinsteadof onewith distanceqsr�tvu .

Stream surfaces(cases3 and4) – steppingalonga streamsurfaceis usuallydoneei-
theralongtheflow, i.e., in direction 0=��kC� , or acrosstheflow, i.e., alongtime lines. A step
along the flow equalsthe integration of the underlyingflow datafrom point k for a cer-
tain distance:�*}���7v�d!~k�8D9<;4 0=�>�*}���?`���E@2? . A neighbor Y�S�V1�`�<��kB6�0B��k���6 qsr�tvu-� of point k
thereforeis computedas � } ����� suchthat thecurve-lengthbetweenk and � } ����� is qsr�tvu . A
surfaceneighborof point k$!��(��5 } 6-7 } � alonga time line in the streamsurfaceis defined
as �(��5`}/|]i�5�6-7�}2� suchthatthelengthof thetime line segmentinbetweenbothpointsis qsr�tvu .
Usually, i%5 not really approximatesqsr�tvu in a sufficiently accurateway, so an iterative ap-
proachis requiredlike bisectioning.

Explicit surfaces(cases5, 6, and7) – in thecaseof a parametricsurface(case5), the
tangentvector xd!^Y�z�U�V1W<z�Y , whichcorrespondsto direction U%V1W , is first decomposedinto
parameters5O� and X � suchthat x
![5O���*��8�X ���*� ( �\��![�,� ���O� ). Then,surfacepoint �(��5 } 8�N� ���� � � 5O� 6vX } 8 �N� ���� � � X �*� canbeusedasafirst approximationin aniterativeprocedurefor locating
thesurfaceneighbor. In case6, theprocedurefor case2 isused.In case7, theintersectionline
betweenthepolygononwhichpoint k liesandtheplanewhichisspannedby YB��k�� and U�V1W , is
computed.If thedistanceof k andthepolygonedge(in thedirectionof theintersectionline)
is larger than q�r�tvu , thenthe respective neighborof k lies on thesamepolygon. Otherwise,
theneighborpolygonhasto besearchedacrossthepolgonedge.There,theprocedurerepeats
with theintersectionof polygonandplane,etc.
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3.2 Surfacenormal computation

Variouscomputergraphicsalgorithmsusesurfacenormals,e.g., for shadingor back-face
culling. Theacquisitionof a normalcorrespondingto a certainsurface-pointagaindepends
on thetypeof surface:

Analytic solution (cases5 and6) – if thesurfaceis givenexplicitly, usuallythesurface
normalat a certainpoint canbe computedanalytically. In theparametriccase(case5) the
cross-product�,� ���/5�& } zP�,� � �/Xa& } of two tangentvectorsyields a (not yet normalized)
surfacenormalat point k . Of course,this is only possibleif bothtangentsarenot collinear.
In theimplicit case(case6) thegradient �C�%& } is asurfacenormalof theiso-surfacethroughk
(notnormalized).

Gradient reconstruction fr om densities(cases1 and2) – assuminga function �������
which canbeevaluatedat arbitrarypoints � ( � is eitherthe“black box”, case2, or aninter-
polant,case1), surfacenormals(not normalized)canbecomputedusingcentraldifferences,
for example: YB��kC��!����%& }I� �� � �����=8�S � �����������GS � ������=8�S � �����������GS � ������=8�S � �����������GS � ���S2 v!P��b �  Eb �  Eb �  y�-R
Higher-orderapproximationsof the gradientarepossibleaswell. In general,an arbitrarily
complex derivative filter canbeappliedfor gradientreconstruction[3, 18].

Note,thatin case2 centraldifferenceseasilyareevaluatedat arbitrarysurfacelocations,
whereasin case1 (whendealingwith datasampleson a regular grid) normalsareusually
approximatedatgrid locationsandtheninterpolatedwithin cells,for example,usingtri-linear
interpolation.

Normal reconstructionfr om polygons(case7) – a standardprocedurefor reconstruct-
ing normalswithin polygonsis usedfor Phongshading[21]: at theverticesof a polygona
weightedsumof all thenormalsof adjacentpolygonsis computed.Thesevertex normalsare
interpolatedwithin thepolygonto approximatethenormalsof thesurfacewhich is approxi-
matedby thepolygons.

Streamsurfacenormals (cases3 and4) – In thecaseof a pre-computedstreamsurface
in theform of a setof polygons,againtechniquesfor case7 canbeused.In theothercase,
the (not yet normalized)surfacenormal Y=��kC� canbecomputedasthecross-productof two
tangentvectors:YB��kC��!DY=�>�(��5 } 6N7 } ����![0=��kC��z��>�(��5 } 8Ii�5�6N7 } ���¡�(��5 } ��i�5�6�7 } ���
Onetangent,0=��kC� , equalsthevectorialdatain thesurfacepoint whereastheothertangentis
numericallyapproximatedas(central)differencefrom neighboringstreamlinesin thestream
surface.

3.3 Surfacecurvature

Second-ordersurfaceproperties,i.e.,curvatureinformation,is usedto enhancesurface-based
visualization.Shapeandlocationof a surfacecanbebetterperceived,for example,if curva-
turedirectedstrokesareappliedto thesurface[14].

Surfacecurvatureusuallyis expressedin severalterms,e.g.,Gaussianor meancurvature.
Bothcurvaturepropertiesdependonasurface-curvaturedefinition[5] which is dependenton
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a specifictangentdirection. Principal directionsare thosetangentdirectionswhich yield
eithermaximumor minimumcurvature.

Curvature calculation for parametric surfaces(case5) – Thefirst andsecondfunda-
mentalcoefficents(with theusualabbreviations)of a parametricsurface �(��5�6�X�� aredefined
as ¢ !^�*��Z*�*�`6]£$!^�*�GZ �*�A6)¤$!D�*�"Z*�*�¥ !D�*���GZ Y=6O¦§!^�*�s�"Z*Y=62¨©!^�*���
Z Y
with Yª!P�>�*�=z«�*�s�O�.& �*�Bz.�*�2& beingtheunit normalvectorand �*��![�,� ���/5 , �*�a![�,� ���/X .
Thenormalcurvaturein tangentdirection 5`¬�F(XE¬ is­ !®� ¥ 5`¬ � 8:¯f¦^5`¬1XE¬�8h¨.XE¬ �¢ 5 ¬ � 8:¯s£a5 ¬ X ¬ 8e¤dX ¬ �
For ­ beingextremalit mustsatisfytheequation[5]@2°�±�² ­ ¢ � ¥ ­ £���¦­ £.��¦ ­ ¤«�]¨´³ !^J
Theextremevalues­ � and ­ � aretheprincipalcurvaturesof thesurfaceat � and­ � ­ � ! � ¥ ¨:��¦ � ����� ¢ ¤«�]£ � �­ � 8 ­ � !µ�>¨ ¢ ��¯f¦D£'8 ¥ ¤]����� ¢ ¤«�]£ � �
aretheGaussianandmeancurvature,respectively.

Curvature calculation for implicit surfaces(case6) – In a surface-pointk of interest
we considerYB��kC� to bea unit normalof theplanewhich is tangentto thesurfacethrough k ,
i.e., YB��kC�B!©�C�%& } �a¶¶ ���%& } ¶¶ . AssumingS � to beanarbitraryvectorof unit lengthcontained
in thetangentplane,weconstructa localFrenetframe:· !�¸AS � S � Y=��kC�2¹S � Z YB��kC�C!^JS � !^YB��kC�<z�S �
Searchingfor the principal curvatureof the surfacethrough k , we have to investigatethe
changesof YB���%� neark with respectto changesof � within thetangentplane,i.e., �
!�k�8%ºsS2»
with S » beinga unit lengthvectororthogonalto YB��k�� , i.e., lying in thetangentplane.

Direction S2» , where �jYB& } ZES2» , i.e., the directionalderivative of Y near k into direc-
tion S2» , is greatestin termsof length(called SB¼» in the following), is thenthefirst principal
directionof thesurfacethrough k . Thesecondprincipaldirectionis orthogonalto both S ¼»
and YB��kC� . The relatedcurvaturesare the lengthsof the directionalderivatives along the
principaldirections.

As derivation is a linear operator, the directional derivative of Y into some direc-
tion S » ![½\¾f¿�À�S � 8h¿�ÁÃÂ/À�S � canbewritten in termsof thedirectionalderivative of Y into
directionsS � and S � : �jY<& } Z*S2»'!�¸(�jY<& } Z*S � �jY<& } Z�S � ¹
ZCÄ ½�¾f¿�À¿�ÁÅÂ/À�Æ
Since �jY<& } Z�S2» is orthogonalto YB��kC� also,we canexpressit in termsof S � and S � by the
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Fig. 5. Thedefinitionof a streamsurfacethrougha point k is ambiguous– dependingon the
seedingstructure,a varietyof differentstreamsurfacesarepossible.Therefore,normalsand
curvaturepropertiesof streamsurfacesareof limited usefor thevisualizationof flow data.

useof decompositionwith �fL.M<�-RÇ!P�s½�¾f¿�À¡¿�ÁÃÂ/Àj�-R :Ä L ¬M ¬ Æ !ÈÄ S R �S R � Æ Z�Ä �jY<& } Z�S ��jY<& } Z�S � Æ RÉ Ê*Ë ÌÍ�ÎGÏ �EÐÃÑ�Ò>Ó��EÐÃÑ Î,Ô Ð-Õ ÖC× � Ø Õ Ô Ñ Z/Ä LM�Æ
Searchingfor thegreatesteigenvector ��L ¼» M ¼» � R of matrix Ù , directlyyieldsthecorrespond-
ing first principaldirectionvia SB¼»'!Ú�sS � S � ��Z��sL"¼»�MC¼»��-R .

Curvature reconstruction fr om densities (cases1 and 2) – to reconstructcurvature
propertiesof iso-surfacesobtainedfrom scalarvolumedataessentiallythe sameprocedure
asfor implicit surfacescanbeused.A function ������� is assumed,which canbeevaluatedat
arbitrarypoints � (seeSect.2), aswell asa function YB��kC�d!H�C�%& } � ¶¶ ���%& } ¶¶ which yields
theunit normalatanarbitrarypoint k (seeSect.3.2).Againtheeigenvaluedecompositionof
matrix ÙÛ!Ü��S � Z\��Y<& } Z*S _ � � _ in termsof a localFrenetframegivesthesearchedcurvature
properties.

Streamsurfacecurvature (cases3 and4) – in thecaseof a pre-computedstreamsur-
facetechniquesdescribedfor case7 (seebelow) areused. In the caseof a streamsurface
on demandcurvaturepropertiescould be derived by investigatingthe changesof a normal
with respectto changeswithin the tangentplane. It mustbe notedherethat streamsurface
curvatureis rarly usedfor visualizationsinceit easilymight bemisinterpretedasa property
of theunderlyingvectorfield. Figure5 illustrateswhy streamsurfacecurvature– evenstream
surfacenormals– usuallylack importancein visualization.Both propertiesheavily depend
on thechoiceof theinitial condition.

Curvaturereconstructionfr om polygons(case7) – To reconstructcurvatureproperties
from polygons,oneobvious procedurewould be to constructan interpolantandcalculate
analyticallythecurvatureof theinterpolant.ToddandMcLeod[27], however, reportthatthis
approachyieldsin generalcompletelyunsatisfyingresults.

Therefore,they proposeto approximatethe Dupin indicatrix from the verticesof the
polygons,by exploiting Meusnierstheorem[5], estimatingnormalcurvaturesin particular
directions(which requiresto estimatethe normal, for example,with the approachusedin
Phongshading,asdescribedin Sect.3.2)andfinally fitting a centralconicto thatdata.



10 Helwig Hauser,ThomasTheußl,andEduardGröller

Fig. 6. SMURF classhierarchyandinterface.

4 SMURF Classes

After having identifiedthedifferentsurfacetypes(Sect.2) andaccessschemes(Sect.3) the
integrationin a C++ classhierarchycalledSMURF (seeFig. 6) is straight-forward. An ab-
stractbaseclassprovidesall commonpropertiesof thedifferentsurfacetypesandtheaccess
interfaceto surfacepropertiesasvirtual functions.Sub-classes,correspondingto thesurface
types,arederivedfrom thisabstractbaseclassandredefinetheaccessschemesaccordingly.

To distinguishdiscretescalarvolumedata-sets(case1) from analyticscalarvolumefunc-
tions (case2) a classScalVolData hidesthe interface. Therefore,classIsoSmurf can
treatthesetwo casesthe sameway. The sameholdsfor discretevectorfields (case3) and
analytically specifieddynamicalsystems(case4) via classVectVolData. This means,
thatall thesevencasesof surfacetypeswhich werepresentedin Sect.2 aremappedto four
sub-classesof SMURF, i.e., ISOSMURF, STREAMSMURF, ANASMURF, andPOLYSMURF.
SeeFig. 6 for therelationsbetweentheseclasses.

An importantconceptin theimplementationis theoneof lazyevaluation,i.e.,computing
not morethannecessaryat a certainpoint in time. For example,ray castingcanbe termi-
natedafterfinding thedesiredintersectionpoint. Furthersurfacepropertiesareevaluatedon
demand,andstoredfor futureuse.Therefore,a classhierarchySmurfPoint is introduced
which mirrors the Smurf classhierarchyand serves as memoryelementfor the specific
surfacetypes,i.e., it storesall relevant informationalreadycomputedwhich canbere-used.
Again,Fig. 6 illustratestherelationsbetweentheseclasses.
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Fig. 7. Iso-surfacecomputedfor tenslicesof ahumanheadscanwith curvaturecrosses.

5 Results,Applications

By hiding the intrinsic differencesbetweenthe surfacetypesidentified in Sect.2 SMURF

supportstheuserwith thefollowing tasks:
Implementation of advanced visualization techniques– SMURF easesthis task by

providing an interfacefor obtainingsurfacepropertiesindependentlyof the surfacetype.
Figure 7 shows an iso-surfacewith crossesalignedto the principal directions(similar to
Becket al. [2]). Figure8 wasgeneratedusingthecodedepictedin Fig. 9 – any othersurface
typecouldberenderedusingthesamecodeby just changingtheveryfirst line.

Comparison of algorithms – for instance,reconstructionschemescanbe easilycom-
paredby samplingan analytic function andapplyinga visualizationalgorithmto both the
scalardatavolumeandthe analyticfunction. In Fig. 10 this conceptwasusedto compare
linearandcubicinterpolationwith respectto functionreconstructionandthecomputationof
theGaussiancurvaturewith thecorrespondinganalyticfunction(a quadraticin 3D). Linear
reconstructionof densitiesis clearlyseenin Fig.10(a),whereasthereis noperceivablediffer-
encebetweenFig. 10(b)and(c). Comparingthecurvatureplot (color wasusedto visualize
theGaussiancurvature),subtledifferencescanbeobtainedevenbetweenFig. 10(b)and(c).

Figure11comparesthequalityof curvaturereconstruction(by calculatingprincipalcur-
vaturelinesof acylinder)dependingon linearandcubicdensityreconstruction.In Fig. 11(a)
smallerrorsaccumulatedduringnumericalintegrationof thecurvaturelinesarevisible.
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Fig. 8. Contourdisplayof a lobsterCT scan– seeFig. 9 for theSMURF-codeusedto render
this image.

Smurf *pSmurf = new IsoSmurf("lobster.dat",threshold);

for (p=pFirstPixel(); p!=NULL; p=pNextPixel())
{

VEC3 dir = normalize(*p-eye);
SmurfHitListHandle HLH = pSmurf->getHitListH(eye,dir);
SmurfPointHandle PH = pSmurf->getPointH(HLH,0);
VEC3 normal = pSmurf->getNormal(PH);

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

else
p->set(0);

}

Fig. 9. Codeusedfor drawing lobstercontoursdepictedin Fig. 8.
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(a) (b) (c)

Fig. 10. Gaussiancurvatureplot using linear (a) andcubic (b) function reconstructionvs.
analyticcomputation(c).

6 Future Work

Oneobviousdisadvantageof a generalschemelike SMURF is thatit principallysuffersfrom
inefficiency. Performancecanbe improved by including,e.g.,intelligent cachingstrategies
andimplementationshort-cuts.Furthermore,it shouldbepossibleto exploit ray-to-rayco-
herenceof visualizationalgorithms. Thus,again,cachingandaddressingof externaldata
mustbeallowedby thescheme.

Anotherideais to extendthe SMURF conceptto a ‘set of SMURFs’ classwith a similar
interface. Consecutive intersectionsalonga ray arereportedin correctorderfrom different
surfaces,e.g., stacked iso-surfacesor multiple streamsurfaces. Even surfacesof different
type could be easilycombinedusing this concept,for example,patientdatatogetherwith
objectsfrom (virtual) surgeryplanning.

7 Conclusions

OurgeneralpurposesurfaceinterfaceSMURF allowsto easilyre-useelaboratedvisualization
techniquesthatarebasedonsurfacesin 3D. Examplesarecurvature-directedstrokesor plot-
ting curvaturelines,with surfacesoriginatingfrom variousapplicationslikeiso-surfacesfrom
medicalapplicationsor streamsurfacesfrom flow visualization.Surfacepropertiesup to the
orderof two, i.e., curvatureinformation,areavailableto theuserin a transparentway. Ray
castingaswell asincrementalsurface-curve traversalareprovided assurfaceaccessstrate-
gies. Thus,advancedsurfacevisualizationtechniquescanbe developedwithout having to
careaboutspecificalgorithmsfor calculatingparticularsurfaceproperties.Their portability
to othersurfacetypesis anotheradvantageof theSMURF concept.

For the realizationof this conceptwe first identifiedthe mostoften usedsurfacetypes
andcomparedvariousalgorithmsfor accessingsurfacepropertiesin generalbeforeweunified
themin auniqueinterface.As mostvisualizationapplicationshaveto dealwith sampleddata,
analyticevaluationis discussedaswell asvariousreconstructionschemes.Theusefulnessof
thisapproachis demonstratedby severalresultsweobtainedwith ouractualimplementation.
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(a) (b)

Fig. 11.Qualityof curvaturecalculationsdependingon thefunctionreconstructionscheme–
linear(a)vs.cubic(b) reconstruction.
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