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Abstract

This documentis a tutorial on how to getstartedwith thepolyhedronstructureprovidedby CGAL, the
ComputationalGeometryAlgorithm Library. Assumingthe readerto be familiar with the C++ template
mechanismsandthekey conceptsof theSTL (StandardTemplateLibrary), we �rst demonstratetwo differ-
entapproachesfor implementingmeshsubdivisionschemes.Euleroperators is appliedfor

p
3 subdivision

andthe modi�er callback mechanismis appliedfor the Quad-Trianglesubdivision. Both approachesare
basedon thebuild-in functionalitiesof theCGAL polyhedron.We thenintroducea combinatorysubdivi-
sionlibrary (CSL) with increasinglevel of sophisticationandabstraction.CSL offersa convenientway to
designuser-customizedsubdivision schemesthroughthe de�nition of rule templates.Catmull-Clarkand
Doo-Sabinschemesareusedto demonstratethedesignandimplementationof CSL.Two companionappli-
cationsbasedon OpenGL,onedevelopedwith Windows MFC, andtheotherdevelopedwith Qt, showcase
thesubdivisionschemeslistedabove,aswell asseveralfunctionalitiesfor interactionandvisualization.

Keywords: CGAL library, tutorial, halfedgedatastructure,polyhedronstructure,subdivision surfaces,
quad-triangle,

p
3, Loop,Doo-Sabin,Catmull-Clark,OpenGL.

1 Intr oduction

Polyhedrondatastructuresbasedon theconceptof halfedgeshave beenvery successfulfor thedesignof
generalalgorithmsonmeshes.Commonpracticeis to developsuchdatastructurefromscratch,sinceclearly
a �rst implementationis at the level of a studentshomework assignment.But then,thesedatastructures
consistalmostentirely of pointersfor all sort of incidenceinformations. Maintaining themconsistently
during meshoperationsis not anymorea trivial linked-list updateoperation.So,moving from a students
exerciseto a reliable researchimplementation,including maintainingandoptimizing it, is a respectable
softwaretask.

What is commonpracticefor simpledatastructures,suchaslinked lists, shouldbe commonpractice
even moreso for meshdatastructures,namely, to usea good,�e xible, andef�cient library implementa-
tion. In C++ the Standard TemplateLibrary, STL, is an excellentaddressfor our analogexampleof the
linkedlists [Aus99], andwe arguethatthePolyhedrondatastructurein CGAL is sucha �e xible meshdata
structure[Ket99], andit comeswith arich andversatileinfrastructurefor meshalgorithms.CGAL, theCom-
putationalGeometryAlgorithmsLibrary, is aC++ library availablefrom www.cgal.org [FGK+ 00].

We stronglybelieve that this tutorial with its wealthof informationwill give a headstart to new re-
searchesand implementationsof meshalgorithms. We also believe that it will raisethe quality of im-
plementations.Firstly, it encouragesthe useof well testedandover time maturedimplementations,e.g.,
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Figure1 – ThepolyhedronviewerrunningonWindows.A coarsepolygonmeshis subdivided
usingtheQuad-Trianglesubdivisionscheme.

CGAL::Polyhedron 3 in its currentdesignwaspublicly releasedin 1999andusedsincethen. Sec-
ondly, it documentsgoodimplementationchoices,e.g.,theexampleprogramscanbeusedasstartingpoints
for evolutionarysoftwaredevelopment.Thirdly, it offerseasyaccessto additionalfunctionality, suchasthe
ef�cient self intersectiontest,thatotherwisecouldbeexpandablein a researchprototype.

The tutorial is organizedaroundsubdivision surfacesin a polyhedronviewer. Thepolyhedronviewer
(Figure1) demonstratesthebasicfunctionalitiesof theCGAL::Polyhedron 3 andsomeextendedfunc-
tionalitiessuchas�le I/O, meshsuperimposition,andtrackballmanipulation.Severalsubdivision surfaces
aresupportedin thepolyhedronviewer, includingCatmull-Clark,Loop,Doo-Sabin,

p
3 andQuad-Triangle

subdivisions.Thetutorial shows how to implementsubdivision surfacesin two differentmechanismspro-
videdby CGAL::Polyhedron 3: Euler operators andmodi�er callback mechanism. A

p
3 subdivision

implementationis designedbasedon the Euler operatorsand a Quad-Triangle subdivision implementa-
tion is designedbasedon overloadingthe modi�er. Extendedfrom the previous design,a combinatorial
subdivisionlibrary (CSL) is thenproposedwith increasedsophisticationandabstraction.CSL abstracts
the geometryoperationsfrom the re�nements. Subdivisionsin CSL arebuild from re�nementhostwith
a templategeometrypolicy. Several fundamentalre�nementschemesareprovidedwithin CSL. They are
instantiatedwith ageometrypolicy thatcanbeuserde�ned.

Thegoalof this tutorial is to show how to useCGAL::Polyhedron 3 onbasicgraphicsfunctionali-
ties,suchasrenderingandinteractive trackballmanipulation,andhow to designandimplementalgorithms
aroundmeshes.Sinceconnectivity andgeometryoperationsare the primal implementationcomponents
in meshalgorithms,subdivisionsarechosento demonstratebothoperationson CGAL::Polyhedron 3.



Hence,readersdesigningandimplementingmeshalgorithmsotherthansubdivisionswill alsobene�t from
thetutorial.

Intended Audience

Theintendedaudienceof thetutorial areresearchers,developersor studentsdevelopingalgorithmsaround
polyhedronmeshes.Knowledgeof the halfedgedatastructureandsubdivisionsareprerequisites.Short
introductionsof thesetwo topicsaregiven in the tutorial. The tutorial assumesfamiliarity with the C++
templatemechanismandthekey conceptsof genericprogramming[Aus99].

2 Backgr ound and Prerequisite

2.1 CGAL Polyhedr on

CGAL Polyhedron(CGAL::Polyhedron 3) is realizedasacontainerclassthatmanagesgeometryitems
suchas vertices,halfedges,and facetswith their incidences. CGAL::Polyhedron 3 haschosenthe
halfedgedatastructureastheunderlyingconnectivity structure.In thehalfedgedatastructure,ahalfedgeis
associatedwith a facetandstorestheadjacency pointersto it previous,next andoppositehalfedge(Figure
2). Thedetailsof thehalfedgedatastructureandtheCGAL::Polyhedron 3 basedon it aredescribed
in [Ket99].

Figure2 – Onehalfedgeandits incidentprimitives.Thenext halfedge, theoppositehalfedge,
andtheincidentvertex aremandatory, theremainingelementsareoptional.

Whatarethepotentialobstaclesin usingCGAL andCGAL::Polyhedron 3?

1. Is it fast enough? Yes. CGAL, coming from the �eld of ComputationalGeometry, might have a
reputationof usingslow exact arithmeticto be on the safeside,but nonetheless,we know where
to apply the right techniquesof exact arithmeticto gain robustnessandyet not to looseef�ciency.
In addition,CGAL usesgenericprogrammingandcompile-timepolymorphismto realize�e xibility
withoutaffectingoptimalruntime.

2. Is it small enough?Yes. CGAL::Polyhedron 3 canbe tailored to storeexactly the required
incidencesandotherrequireddata,notmoreandnot less.

3. Is it �e xible enough? Yes, certainly within its designspaceof oriented2-manifold mesheswith
boundarythatwassuf�cient for therangeof applicationsillustratedwith ourexampleprograms.

4. Is it easyenoughto use? Yes. The full tutorial with its exampleprogramsareexactly the starting
point for usingCGAL::Polyhedron 3. Theexampleprogramsareshortandeasyto understand.
Thereis certainlya learningcurve for masteringC++ to thelevel of usingtemplates,but it hasto be
emphasizedthatusingtemplatesis fareasierthendevelopingtemplatedcode.
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Figure 3 – Examplesof re®nementschemes: primal quadrilateral quadrisection(PQQ),
primal triangle quadrisection(PTQ),dual quadrilateral quadrisection(DQQ) and

p
3 tri-

angulation.Thecontrol meshesareshownin the®rst row.

5. Whatis thelicense,canI useit? Yes,we hopeso. CGAL sincerelease3.0andour tutorial programs
haveopensourcelicenses.Otheroptionsareavailable.

2.2 Subdivision Surfaces

A subdivisionalgorithmrecursively appliesre�nementandgeometrysmoothingonthecontrolmesh(Figure
5, 7), andapproximatesthe limit surfaceof thecontrolmesh.Several re�nementschemesin practiceare
illustratedin Figure3. Thestencilsof thegeometrysmoothingaredependingon there�nementschemes,
i.e. thereparameterizations.A stencilde�nesacontrolsubmeshthatis associatedwith normalizedweights
of thenodes.Figure4 demonstratesthestencilsof thePQQschemein Catmull-Clarksubdivision [CC78]
andDQQ schemein Doo-Sabinsubdivision [DS78]. We alsodemonstrateLoop [Loo94],

p
3 [Kob00] and

Quad-Triangle[SL03] subdivisionsin this tutorial. For further detailsaboutsubdivisions,readersshould
referto [WW02] and[ZS00].

3 Polyhedr on Viewer

This tutorial implementsan interactive basicpolyhedronviewer basedon the CGAL::Polyhedron 3
with the default con�guration. This viewer demonstrates basic functionalities of a
CGAL::Polyhedron 3. We show the mesh traversal basedon the iterators and the circulators
during the assemblyof facetpolygonsfor basic OpenGLrendering. The viewer is then extendedby
customizingthe Polyhedron 3 with extra attributes and functionalities. This enrichedpolyhedron
supportsfacetand vertex normalsfor rendering,an axis-alignedboundingbox of the polyhedron,and
providesgeometryitemsspecializedwith algorithmic�ags. A numberof renderingmodesareavailableto
theuserdependingonthechoicesof lighting, shadingandedgesuperimposing.Thesuperimpositionof the
controlmeshon thesubdivision surfacesis implementedfor thequad-triangleschemewith a boolean�ag
of thehalfedgeitem, this �ag beingautomaticallypropagatedto thesubdividededgesduringsubdivision
(Figure7).

The tutorial demonstratesbasiccombinatorialalgorithmson the connectivity of the polyhedronby
countingthe numberof connectedcomponentsandboundaries,anddeducingthe combinatorialgenusof
theactivepolyhedron.
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Figure4 – Thestencil(topblue)andits vertex (bottomred)in Catmull-Clarksubdivision(a-
c) andDoo-Sabinsubdivision(d). Catmull-Clarksubdivisionhasthreestencils:facet-stencil
(a), edge-stencil(b) and vertex-stencil(c). Doo-Sabinsubdivisionhasonly corner-stencil
(d). Thestencilweightsarenot shown.

In additionto thebuild-in featuresof OFF�le I/O in CGAL, we show how to import a polyhedron�le
in the OBJ format basedon the modi�er callback mechanismandthe incrementalbuilder. The OBJ �le
exportingis simplybasedonmeshtraversal.

Thecameraandtransformationstatesareautomaticallyadjustedwhenanew polyhedronis loadedsoas
to originally view themodelin all. A functionsnapshotsthecameraandtransformationstatesfor thesake
of comparingtwo modelswith thesameviewpoint.

Thevieweralsofeaturesarasteroutputof thecurrentclient imageto theclipboard,aswell asavectorial
outputto a postscript�le. Notehowever that the latter functionality is not basedon thepainteralgorithm
andperformsinsteada simplez-sortingof the polygonsbasedon eachfacetbarycenterand the current
viewpoint.

4 Subdivision Surfaces

The secondpart of the tutorial focuseson the designand the implementationof
p

3 (Figure 5), Quad-
Trianglesubdivision (Figure7) andourcombinatorysubdivision library (CSL).

In addition to its importancein the surfacemodeling,we choosesubdivision algorithmsto demon-
strate both the connectivity operation (re�nement) and the geometry operation (smoothing) of a
CGAL::Polyhedron 3. Thesetwo operationsare the primary implementationcomponentsrequired
by algorithmson polyhedronmeshes.Readersintendedto designandimplementmeshalgorithmsother
thansubdivisionswill alsobebene�tedfrom thetechniquesweproposedhere.

Thekey to implementasubdivisionalgorithmis to ef�ciently supportthere�nement,i.e. theconnectiv-
ity modi�cations. Two approachesareintroducedto supportthere�nement: theEuler operators (operator
scheme)andthe modi�er callback mechanism(modi�er scheme).The operatorschemerecon�guresthe
connectivity with a combinationof Euler operators.

p
3 subdivision [Kob00] is usedto demonstratethis

scheme.Wealsocompareour implementationwith the
p

3 subdivisionprovidedin OpenMeshlibrary.
Thoughsimpleandef�cient in somere�nements,e.g.

p
3 subdivision, thecorrectcombinationof the

operatorsis hardto �nd for somere�nements,e.g.Doo-Sabinsubdivision [DS78]. The modi�er scheme
solvestheproblemby letting theprogrammerscreatetheir own combinatorialoperatorsusingthepolyhe-
dronincrementalbuilder. Quad-Trianglesubdivision [SL03, Lev03] is usedto demonstratethisscheme.



4.1
p

3 Subdivision
Thisschemewasintroducedasanadaptivescheme[Kob00], but werestrictourexampleprogramto asingle
uniform subdivision step,seeFig. 5 for anexampleof a subdivision sequenceandFig. 6 for a closeupon
there�nement.

Thesubdivisionsteptakesatrianglemeshasinputandsplitseachfacetatits centroidinto threetriangles.
Wewrite afunctionthatcreatesthecentroidfor onetriangle.Thetopologyre�nementpartexistsalreadyas
anEuleroperatorin CGAL::Polyhedron 3, weonly haveto computethecoordinatesof thenew vertex.
Sincethe facetis a triangle,we accessthe 1-ring of the centroiddirectly without any loopsor branching
decisions(in general,wecouldusethecirculatorloopshown in therenderfunction).

Figure5 –
p

3 subdivisionof themannequinmesh.

voi d c r eat e cen t r o i d ( Pol yhedron& P , F ac et i t er at o r f ) f
H al f edge handl e h = f� > hal f edge ( ) ;
V ector vec = h� > v er t ex ()� > poi nt ( ) � ORIGIN ;
vec = vec + ( h� > nex t ()� > v er t ex ()� > poi nt ( ) � ORIGIN ) ;
vec = vec + ( h� > nex t ()� > nex t ()� > v er t ex ()� > poi nt ( ) � ORIGIN ) ;
H al f edge handl e new center = P. c r eat e cen t er v er t ex ( h ) ;
new center � > v er t ex ()� > poi nt ( ) = ORIGIN + ( vec / 3 . 0 ) ;

g

Next, all edgesof the initial mesh are �ipped to join two adjacentcentroids. It is part of the
CGAL::Polyhedron 3 interface.

Finally, eachinitial vertex is replacedby abarycentriccombinationof its neighbors.However, themesh
hasalreadybeensubdivided, so the original neighborsof a vertex areactuallyevery othervertex in the
1-ring. We write a functionobjectfor the smoothingstepthat canbe usedwith the std::transform
function.



Figure6 – The
p

3-subdivisionschemeis decomposedinto Euler operators: centervertex
andedge �ips.

st r u ct Smoot h ol d v er t ex f
Poi nt oper at or ( ) ( const V er tex & v ) const f

st d : : si z e t degree = v . v er t ex degr ee ( ) / 2 ;
doubl e al pha = (4.0 � 2.0� cos (2.0� CGAL PI / degree ) ) / 9 . 0 ;
V ector vec = ( v . poi nt ( ) � ORIGIN ) � ( 1.0 � al pha ) ;
H al f edge ar ound v er t ex const c i r cu l at o r h = v . v er t ex begi n ( ) ;
do f

vec = vec + ( h� > opposi t e()� > v er t ex ()� > poi nt ( ) � ORIGIN )
� al pha / degree ;

++ h ; + + h ;
g whi l e ( h ! = v . v er t ex begi n ( ) ) ;
r et ur n ( ORIGIN + vec ) ;

gg;

In the �nal subdivision programwe exploit that newly createditemsareappendedat the endof the se-
quences,so that we cankeepvalid iteratorstelling us wherethe old itemsendandwherethe new items
start.Weareaseconomicalaspossiblewith theextrastorageneededin thismethod,which is anextraarray
for thesmoothedcoordinatesof original vertices.We startby creatingthecentroids,thensmooththeold
vertices,andconcludewith �ipping theold edges.

voi d subdi v ( Pol yhedron& P) f
st d : : si z e t nv = P. si z e o f v er t i c es ( ) ;
V er t ex i t er at o r l ast v = P. v er t i ces end ( ) ;

� � l ast v ; / / t he l ast of t he ol d v er t i ces
Edge i t er at o r l ast e = P. edges end ( ) ;

� � l ast e ; / / t he l ast of t he ol d edges
F ac et i t er at o r l ast f = P. f acet s end ( ) ;

� � l ast f ; / / t he l ast of t he ol d f acet s
F ac et i t er at o r f = P. f acet s beg i n ( ) ; / / cent r o i ds
do f

c r eat e cen t r o i d ( P , f ) ;
g wh i l e ( f ++ ! = l ast f ) ;
st d : : vector< Poi nt > pt s ; / / smooth ol d v er t i ces
pt s . r eser v e ( nv ) ; / / space f or t he new poi nt s
++ l ast v ; / / move t o past � the� end agai n
st d : : t r ansf or m ( P. v er t i ces beg i n ( ) , l ast v ,

st d : : back i nser t er ( pt s ) , Smoot h ol d v er t ex ( ) ) ;
st d : : copy ( pt s . begi n ( ) , pt s . end ( ) , P. po i nt s begi n ( ) ) ;
++ l ast e ; / / move t o past � the� end agai n
f or ( Edge i t er at o r e = P. edges begi n ( ) ; e ! = l ast e ; ++ e)

P. f l i p edge ( e ) ; / / f l i p t he ol d edges
g

TheOPENMESH library Release1.0.0-beta4comeswith ademoapplicationfor thesubdivisionalgorithms
that areavailablein OPENMESH. SinceL. Kobbelt,the authorof the

p
3-subdivision, is the headof the

groupdevelopingOPENMESH, it is naturalto �nd his algorithmin the library. We comparedit with our
exampleimplementationona laptopwith anIntel Mobile Pentium4runningat1.80GHzwith 512KBcache



and254MBmainmemoryunderLinux.
We selectedan instanceof CGAL::Polyhedron 3 that wascloselymatchingthe implementation

usedin OPENMESH, i.e., array-storage,no planeequationin facets,and float coordinatesin points.
OPENMESH usesthe specializedtriangle-meshdatastructurewhereour structureremainsthe general
polygonalmesh. We only exploited the trianglenatureof our meshin the centroidcomputation,andas
it turnedout, thiswasnotcrucial.Whatis crucialis thesizeof thestructure.For example,thesameexperi-
mentwith anunusedplaneequationsin thefacetsincreasestherunningtime by 25%.Similarly thechoice
of thecoordinatetypematters.We usedthelion vase,seeFig. 12 with 400ktrianglesasbenchmarkin two
successive subdivision steps.Theothermodelshadboundaryedgesso thatwe couldnot usethemin our
currentlylimited exampleprogram.Time in seconds:

CGAL OPENMESHp
3-subdivision float double float

Lion vase:step1 0.95 1.22 1.27
Lion vase:step2 3.90 23.73 128.00

The result is clearly encouragingfor the CGAL implementation,but it shouldbe interpretedcautiously.
For example,the OPENMESH implementationwasobviously running into swap problemsin the second
re�nementstep,which is not expectedwhenstudyingtheexampleprogramandreadingthemanualabout
the default spacerequirementsof this implementation.Nonetheless,the simpleandeasycustomization
possiblewith theCGAL::Polyhedron 3 resultedin a short,readable,andcompetitive implementation
for this algorithm without greatefforts. It is also the �rst result showing that the abstractionof Euler
operationsdoesnotnecessarilyharmyourperformance,andthey clearlysimplify things.

4.2 Quad-triangle Subdivision
The quad-trianglesubdivision schemewasintroducedby Levin [Lev03], thenStamandLoop [SL03]. It
appliesto polygonmeshesandbasicallyfeaturesLoopsubdivisionon trianglesandCatmull-Clarksubdivi-
sionon polygonsof thecontrolmesh(seeFig.7). After oneiterationof subdivision thesubdividedmodel
is only composedof trianglesandquads.

Figure7 – Quad-trianglesubdivisionof therhombicuboctahedron mesh.

A simplesolution for implementingsucha schemeis to usethe incrementalbuilder offered for the
CGAL Polyhedron.Thepolyhedronprovidesa backdooraccessto theunderlyinghalfedgedatastructure
with theCGAL::Modifier classandcheckstheintegrity of thedatastructurewhenthis access�nishes.



Theprimeexamplefor thisbackdooruseis analternativewayof describingmeshesin theindexed-facet-set
format that is commonin �le formats:Pointsarede�ned with coordinates,thenfacetsarede�ned by the
pointson their boundary, but thepointsaregivenasindicesto thealreadygivenlist of points.

In theexamplebelow wemakeuseof theincrementalbuilderto assembleasubdividedpolyhedronfrom
an input polyhedron.Our implementationrequiresenrichedhalfedge,vertex andfacetprimitiveswith an
integertagthatrecoversthevertex indicesof thesubdividedmodel.

# i ncl ude ” enr i ched pol y hedr on . h”
# i ncl ude ” bu i l der . h”

t empl at e < cl ass HDS, c l ass Pol yhedron , c l ass kernel >
c l ass CM odi f i erQuadTr i angl e : pub l i c CGAL : : M odi f i er base<HDS>
f
p r i v at e :

t ypedef . . .

Pol yhedron � m pMesh ;

pub l i c :

/ / l i f e cy cl e
CM odi f i erQuadTr i angl e ( Pol yhedron � pMesh)
f

CGA L asser t i on ( pMesh ! = NULL ) ;
m pMesh = pMesh ;

g
˜ CM odi f i erQuadTr i angl e ( ) f g

/ / subdi v i si on
voi d oper at or ( ) ( HDS& hds)
f

bu i l der B( hds , t r ue ) ;
B . begi n sur f ace ( 3 , 1 , 6) ;

add v er t i ces (B ) ;
add f acet s (B ) ;

B . end sur f ace ( ) ;
g

p r i v at e :

/ / . . .
/ / f or t he compl ete i mpl ement at i on of t he subdi v i si on ,
/ / r eader s shoul d r ef er t o t he accompani ed sour ce codes of
/ / t h i s t u t o r i a l .

g ;

t empl at e < cl ass Pol yhedron , c l ass kernel >
c l ass CSubdi v i der quad t r i angl e
f
pub l i c :

t ypedef typename Pol yhedron : : Hal f edgeDS Hal f edgeDS ;

pub l i c :
/ / l i f e cy cl e
CSubdi v i der quad t r i angl e ( ) f g
˜ CSubdi v i der quad t r i angl e ( ) f g

pub l i c :
voi d subdi v i de ( Pol yhedron & Or i gi nal M esh ,

Pol yhedron & NewMesh ,
bool smooth boundary = t r ue )

f
CM odi f i erQuadTr i angl e< Hal f edgeDS , Pol yhedron , kernel >

bu i l der (& Or i gi nal M esh ) ;

/ / del egat e const r uc t i on



NewMesh . del egat e ( bu i l der ) ;

/ / smooth
bu i l der . smooth(& NewMesh , smooth boundary ) ;

g
g ;

4.3 Combinatorial Subdivision Librar y

Basedon thetechniquesandfunctionalitiesdescribedin theprevioussections,wenow show how to design
andimplementa subdivision library for a genericCGAL polyhedron.This library is namedCombinatorial
Subdivision Library, shortCSL.CSL containsa setof re�nementfunctionsandgeometrysmoothingrules
thatareuser-customizable.Subdivisionsin CSL arespecializedasa propercombinationof there�nement
functionsandthegeometrysmoothingrules.

CSL follows in its desingtheideasof policy-baseddesign[Ale01]. Thepolicy-baseddesignassembles
aclass(calledhost) with complex behavior outof many smallandgenericbehaviors (calledpolicies). Each
policy de�nes an interfacefor a speci�c behavior and is customizableby the user. Policiesareusually
implementedasfunctionsor functors.Onegentleexampleis thefor each algorithmin STL 1.

t empl at e < cl ass I npu t I t er at o r , c l ass UnaryFunct i on>
UnaryFunct i on f or each ( I n p u t I t er at o r f i r st , I n p u t I t er at o r l ast , UnaryFunct i on f ) ;

The for each is thealgorithmhostandtheUnaryFunction f is thegenericbehavior customizable
by theuser. To useit, onehasto provide a policy functoror functionthatmeetsthe interfacerequirement
of anunaryfunction.

Basedon thepolicy-baseddesign,CSL is designedto supportbothgenerictypes, i.e. thepolyhedron,
andgenericbehaviors, i.e. the subdivisions. The generictype is speci�ed to follow the interfaceof the
CGAL::Polyhedron 3 thatspeci�esboththeconnectivity andthegeometryinterface.Theconnectivity
interfacehasto supportthe circulatorsover primitives, or the adjacency pointersof an halfedge. The
geometryinterfacehasto providethePoint typeof avertex item. Theoperationalinterfaceof thePoint
is not speci�edby CSL andcanbenon-CGALstyle. For a non-CGALPoint type,usersshouldprovide
user-de�ned policiesthatperformthepointoperations.

A subdivision algorithmhasthreekey behaviors: re�nement, smoothing, andstencilcorrespondence.
There�nementis actedasa for each algorithmonthesourceandthere�ned polyhedronwhile applying
thesmoothingbehaviors. CSL implementthere�nementsasthehostfunctionswith thesmoothingrulesas
thepolicies.Somemajorre�nementschemesareshown in Figure3. Thetutorial accompanying CSL only
providesPQQ,PTQ andDQQ schemes.The re�nementcon�gurationsalsode�ne the stencilcorrespon-
dences;stencilsof PQQandDQQschemesareshown in Figure4. Thesestencilcorrespondencesspeci�ed
thefunctionalinterfacebetweenthere�nementhostsandthegeometrysmoothingpolicies.

Primal Quad Quadralization

A subdivision algorithm in CSL is constructedas a re�nementfunctionparameterizedwith a set of the
geometrysmoothingrules. Therule setis speci�edasa templatepolicy class.For example,Catmull-Clark
subdivision in CSLis instantiatedasthePQQschemeparameterizedwith aCatmull-Clarkgeometrypolicy
class.

voi d Cat mul l Cl ar k subdi v i si on ( Pol yhedron& p , i n t st ep = 1) f
quad quadr al i ze pol y hedr on ( p , Cat mul l Cl ar k r ul e< Pol yhedron > ( ) , st ep ) ;

1http://www.sgi.com/tech/stl/for_each.html



Figure8 – Catmull-Clarksubdivisionof theboxpolyhedron.

g

Thequad quadralize polyhedron is the re�nementhostthat re�nes thecontrolpolyhedronusing
PQQschemeandtheCatmullClark rule is thetemplategeometrypolicy class.

Geometrypoliciesarerepresentedasthepolicy functionsof thepolicy class.Eachpolicy functionreceive
a primitive handleof the represented1-ring submeshof the control polyhedron;and a referenceof the
smoothingpoint on the re�ned polyhedron.The interfaceof a policy classfor a PQQre�nementhost is
shown below.

t empl at e < cl ass Pol y>
cl ass quadr al i ze r u l e f
pub l i c :

voi d f ace po i n t r u l e ( Facet handl e , Poi nt & ) f g ;
voi d edge po i n t r u l e ( Hal f edge handl e , Poi nt & ) f g ;
voi d v er t ex po i n t r u l e ( V er tex handl e , Poi nt & ) f g ;

g ;

Theinterfaceis de�ned accordingto thestencilcorrespondenceof there�nementscheme.A PQQscheme
containsthreestencilsthatareshown in Figure4 (a±c).Eachof themde�nesapolicy function,whichof the
quadralize rule is thefacet rule() , theedge rule() , andthevertex rule() respectively.
Any customizedpolicy classof thegeometrysmoothingrulesarerequiredto provide theproperfunctions.
To assurethe interfaceconsistence,CSL providesa geometryrule classfor eachre�nementscheme.To
createanew geometrypolicy class,theclassinheritanceis used.

/ / Speci al i zed a Catmul l � Cl ark r u l e by i nher i t i ng t he quadr al i ze r u l e .
t empl at e < cl ass Pol y>
cl ass Cat mul l Cl ar k r ul e : pub l i c quadr al i ze r u l e< Pol y > f . . .g



Thesmoothingpointsof a re�ned polyhedronis generatedby calling thecorrespondinggeometrypoli-
cies.Insideeachpolicy, applyingthestencilis simpli�ed into themeshtraversalof a 1-ring neighborhood.
It canbedonewith a primitive circulatoror a simplesequenceof theadjacency pointersof thehalfedges.
The face point rule for Catmull-Clarksubdivision demonstratesthe usageof a facetcirculator for
stenciling.

voi d f ace po i n t r u l e ( Facet handl e f acet , Poi nt & pt ) f
/ / Facet c i r c u l at o r i s used t o t r av er se t he 1� r i ng of a f acet .
H al f edge ar ound f acet c i r cu l at o r hc i r = f acet � > f acet beg i n ( ) ;
i n t n = 0 ;
K ernel : : FT p [ ] = f 0 ,0 ,0g ;
/ / Appl y t he st en c i l whi l e c i r cu l at i ng around t he f acet .
do f

Poi nt t = hci r � > v er t ex ()� > poi nt ( ) ;
p [ 0 ] + = t [ 0 ] , p [ 1 ] + = t [ 1 ] , p [ 2 ] + = t [ 2 ] ;
++n ;

g whi l e (++ hc i r ! = f acet � > f acet beg i n ( ) ) ;
/ / A ssi gn t he smoothi ng poi nt .
pt = Poi nt ( p [ 0 ] / n , p [ 1 ] / n , p [ 2 ] / n ) ;

g

Thefacetcirculatorprovidesa convenientway to traverseandcollectthepoints.Thepoint calculationuse
the conventionalinterface[i] of the point type. For Point not equippedwith the index access[i] , a
user-implementedpolicy classneedto beprovided. TheCGAL Point 3/Vector 3 computationcanbe
usedif thePoint is theequivalenttypeof Point 3 which is shown below.

voi d f ace po i n t r u l e ( Facet handl e f acet , Poi nt & pt ) f
H al f edge ar ound f acet c i r cu l at o r hc i r = f acet � > f acet beg i n ( ) ;
/ / Use CGAL : : ORIGIN t o t r ansf or m Poi nt i n t o V ector .
V ector vec = hci r � > v er t ex ()� > poi nt ( ) � CGAL : : ORIGIN ;
++ hci r ;
do f

/ / V ector i s a comput at i onal c l ass
vec = vec + hci r � > v er t ex ()� > poi nt ( ) ;

g wh i l e (++ hc i r ! = f acet � > f acet beg i n ( ) ) ;
/ / Use CGAL : : ORIGIN t o t r ansf or m V ector back t o Poi nt .
pt = CGAL : : ORIGIN + vec / c i r c u l at o r si z e ( hc i r ) ;

g

Theedge point rule() of Catmull-Clarksubdivisionrequiresthelow leverhalfedgetraversalthat
is thenext() , theprev() , andtheopposite() of thehalfedgeitem.

voi d edge po i n t r u l e ( H al f edge handl e edge , Poi nt & pt ) f
Poi nt p1 = edge� > v er t ex ()� > poi nt ( ) ;
Poi nt p2 = edge� > opposi t e()� > v er t ex ()� > poi nt ( ) ;
Poi nt f 1 , f 2 ;
f ace po i n t r u l e ( edge� > f acet ( ) , f 1 ) ;
f ace po i n t r u l e ( edge� > opposi t e()� > f acet ( ) , f 2 ) ;
pt = Poi nt ( ( p1 [ 0] + p2 [ 0] + f 1 [ 0] + f 2 [ 0 ] ) / 4 ,

( p1 [ 1] + p2 [ 1] + f 1 [ 1] + f 2 [ 1 ] ) / 4 ,
( p1 [ 2] + p2 [ 2] + f 1 [ 2] + f 2 [ 2 ] ) / 4 ) ;

g

Theedge->opposite() is usedto locatetheoppositepointandtheoppositefacet.Insteadof usingthe
facetcirculatorfor eachfacetafterobtainingthefacethandle,theface point rule is calledto calculate
thefacetcentroids.Thesmoothingpoint is thenassignedasthecentroidof thetwo oppositepointsandthe
two facetcentroids.



The vertex point rule for Catmull-Clarksubdivision is more complicatedthan the other two
policy functions. Unlike the facetand edgerules, vertex rule is not static in the scenesof the stencil
weights. The weightsarefunctionsof the vertex valenceandit introducesmoregeometrycomputations.
Nonetheless,theconnectivity traversalis still homomorphicto avertex circulation.

voi d v er t ex po i n t r u l e ( V er t ex handl e ver t ex , Poi nt & pt ) f
/ / Onl y a v er t ex c i r c u l at o r i s needed t o co l l ec t t he submesh .
H al f edge ar ound v er t ex c i r cu l at or v c i r = ver t ex � > v er t ex begi n ( ) ;
/ / The v er t ex v al ence i s used t o cal cu l at e t he st en c i l wei ght s .
i n t n = c i r c u l at o r si z e ( v c i r ) ;

f l oa t Q[ ] = f 0 . 0 , 0 . 0 , 0 . 0g , R[ ] = f 0 . 0 , 0 . 0 , 0 . 0 g ;
Poi nt & S = ver tex � > poi nt ( ) ; / / The cent er v er t ex

Poi nt q ;
f or ( i n t i = 0 ; i < n ; i ++ , ++ v c i r ) f

Poi nt & p2 = v ci r � > opposi t e()� > v er t ex ()� > poi nt ( ) ;
R[ 0 ] + = ( S[ 0] + p2 [ 0 ] ) / 2 ; R[ 1 ] + = ( S[ 1] + p2 [ 1 ] ) / 2 ; R[ 2 ] + = ( S[ 2] + p2 [ 2 ] ) / 2 ;
f ace po i n t r u l e ( v ci r � > f acet ( ) , q ) ;
Q[ 0 ] + = q [ 0 ] ; Q[ 1 ] + = q [ 1 ] ; Q[ 2 ] + = q [ 2 ] ;

g
R[ 0 ] / = n ; R[ 1 ] / = n ; R[ 2 ] / = n ;
Q[ 0 ] / = n ; Q[ 1 ] / = n ; Q[ 2 ] / = n ;

/ / A ssi gn t he smoothi ng poi nt .
pt = Poi nt ( (Q[ 0] + 2� R[ 0 ] + S[ 0] � ( n � 3) ) / n ,

(Q[ 1] + 2� R[ 1 ] + S[ 1] � ( n � 3) ) / n ,
(Q[ 2] + 2� R[ 2 ] + S[ 2] � ( n � 3) ) / n ) ;

g

Connectivity re�nement in CSL is design as a host function. A re�nement host re�nes the in-
put control polyhedron,maintainsthe stencil correspondenceand assignthe smoothedpoints. The
quad quadralize polyhedron is there�nementhostfor a PQQscheme.It redirectsthere�nement
by repeatingthequad quadralize 1step() thatdoesone-steppolyhedronre�nement.

/ / RULE i s a t empl at e par amet er speci f y i ng t he geometry st en c i l s .
t empl at e < t empl at e < typename> cl ass RULE>
voi d quad quadr al i ze pol y hedr on ( Pol yhedron& p , RULE< Pol yhedron > r ul e , i n t d ) f

/ / Do d t i mes r ef i nement .
f or ( i n t i = 0 ; i < d ; i ++) quad quadr al i ze 1st ep ( p , r u l e ) ;

g

The quad quadralize 1step() is implementedbasedon a sequenceof the Euler operationswhich
incrementallymodify theconnectivity. Figure9 illustratestheincrementalmodi�cationsfor aPQQscheme.

/ / Bui l d t he connect i v i t y usi ng i nser t v er t ex ( ) and i nser t edge ( )

/ / Step1 . I nser t edge� v er t i ces on al l edges and set them t o new posi t i ons .
f or ( i n t i = 0 ; i < num edge ; i ++ , ++ ei t r ) f

V er t ex handl e vh = i nser t v er t ex ( p , ei t r ) ;
vh� > poi nt ( ) = edge poi n t buf f er [ i ] ; / / Poi nt s ar e obt ai ned wi th t he edge r u l e .

g
f i t r = p . f acet s beg i n ( ) ;
f or ( i n t i = 0 ; i < num f acet ; i ++ , ++ f i t r ) f

H al f edge ar ound f acet c i r cu l at o r hc i r begi n = f i t r � > f acet beg i n ( ) ;
H al f edge ar ound f acet c i r cu l at o r hc i r = hc i r beg i n ;

/ / Step2 . I nser t a cut� edge between 2 randoml y sel ec t ed i nc i dent edge� v er t i ces .
H al f edge handl e e1 = ++ hci r ;



++ hci r ;
H al f edge handl e e2 = ++ hci r ;
++ hc i r ; / / Must move t he c i r bef or e i n ser t s t he new edge ! !
H al f edge handl e newe = i nser t edge ( p , e1 , e2 ) ;

/ / Step3 . I nser t a f acet � v er t ex on t he cut� edge and set i t t o t he new posi t i on
H al f edge handl e newv = i nser t v er t ex r et u r n edge ( p , newe ) ;
newv = newv� > opposi t e()� > prev ( ) ; / / change newv t o t he l ar ger f ace and

/ / s t i l l po i nt s t o t he newl y i nser t ed
/ / v er t ex

/ / Update t he geometry dat a of t he f ace� v er t ex
newv� > v er t ex ()� > poi nt ( ) = f ace po i n t bu f f er [ i ] ; / / Poi nt s ar e obt ai ned wi th t he f acet r u l e .

/ / Step4 . I nser t t he f acet � edges between t he edge� v er t i ces and t he f acet � v er t ex .
wh i l e ( hc i r ! = hc i r beg i n ) f

e1 = ++ hci r ;
++ hc i r ; / / Must move t he c i r bef or e i n ser t s t he new edge ! !
i nser t edge ( p , e1 , newv ) ;

g
g
/ / Update t he geometry dat a of t he ver t ex � v er t i ces
v i t r = p . v er t i ces beg i n ( ) ;
f or ( i n t i = 0 ; i < num ver tex ; i ++ , ++ v i t r )

v i t r � > poi nt ( ) = v er t ex po i n t bu f f er [ i ] ; / / Poi nt s ar e obt ai ned wi th t he v er t ex r u l e .

The details of the Step2and Step3are shown in Figure 10. Note that the insert vertex() and
insert edge() are simple connectivity functions composedof the Euler operatorsprovided by
CGAL::Polyhedron 3. Detailsaboutthesetwo functions,readersshouldreferto thelib/SurfLab/Poly-
hedron decorator.h.

PSfragreplacements

Step1 Step2 Step3 Step4

Figure9 – A PQQre®nementof a facetis encodedinto a sequenceof vertex insertionsand
edge insertions.Redindicatestheinsertedverticesandedgesin each step.
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Figure10– TheEuleroperationsfor theStep2andStep3of thePQQre®nement.

Stencil correspondenceis anotherkey behavior for a subdivision algorithm. CSL re�nementhostsem-
ploy the geometrypolicies to generatethe smoothingpoints. Three temporarypoint buffers, ver-
tex point buffer , edge point buffer and face point buffer , areusedin the re�nement
host to storethe points generatedby the geometrypolicies. Thesepoints are then assignedto the cor-
respondingre�ned vertices. In the Quad-Triangleimplementation,the customizeditem �ags areusedto
registerthestencilcorrespondence.SinceCSL is designedto accepta genericCGAL::Polyhedron 3,
customizeditem �ags (witch resultsa speci�c CGAL::Polyhedron 3) is not a feasibleoptionfor CSL.
To maintainthestencilcorrespondence,CSL implicitly matchesthestorageorderandoperationorder. The
operationorderis theorderof creatingtheverticesthroughtheconnectivity operationin there�nementhost.
This orderis demonstratedin theFigure9 andtherelatedsourcecode.NoteCGAL::Polyhedron 3 al-



locatesnew geometryitemsby appendingthemat theendof theunderlyingcontainers,in mostcasesthe
linked-listor thevector. So theoperationorderis equivalentto thestorageof thevertex items,hencethe
storageorderof thepoints. CSL arrangesthecalling orderof thegeometrypoliciesto meettheoperation
order, whichensuresthecorrespondencebetweenthestencilsandthepoints.

/ / Bui l d a new v er t i ces buf f er has t he f ol l ow i ng st r uc t u r e :
/ / 0 1 . . . e begi n . . . f begi n . . . ( end of buf f er )
/ / 0 . . . e begi n � 1 : st o r e t he poi nt s of t he ver t ex � v er t i ces
/ / e begi n . . . f begi n � 1 : st o r e t he poi nt s of t he edge� v er t i ces
/ / f begi n . . . ( end ) : st o r e t he poi nt s of t he f ace� v er t i ces
i n t num ver tex = p . si z e o f v er t i c es ( ) ;
i n t num edge = p . si ze o f hal f edges ( ) / 2 ;
i n t num f acet = p . si z e o f f ac et s ( ) ;

/ / I f Pol yhedron i s usi ng vector , we need t o r eser v e t he memory t o pr ev ent
/ / t he CGA L asser t i on . We assume p i s a quad� pol yhedron .
/ / Thi s f unct i on f or pol yhedron usi ng l i s t i s VOID .
p . r eser v e ( num ver tex +num edge+num f acet , 4� 2� num edge , 4� num edge / 2 ) ;

/ / A l l ocat e t he temporary poi nt buf f er s .
Poi nt � v er t ex po i n t bu f f er = new Poi nt [ num ver tex + num edge + num f acet ] ;
Poi nt � edge poi n t buf f er = v er t ex po i n t bu f f er + num ver tex ;
Poi nt � f ace po i n t bu f f er = edge poi n t buf f er + num edge ;

st d : : vector< bool > v onborder ( num ver tex ) ;

/ / Generate t he f acet poi nt s i n t he oper at i on or der .
F ac et i t er at o r f i t r = p . f acet s beg i n ( ) ;
f or ( i n t i = 0 ; i < num f acet ; i ++ , ++ f i t r )

r u l e . f ace po i n t r u l e ( f i t r , f ace po i n t bu f f er [ i ] ) ;

i n t sb = p . si ze of bor der edges ( ) ;

/ / Generate t he edge poi nt s i n t he oper at i on or der .
Edge i t er at o r ei t r = p . edges begi n ( ) ;
f or ( i n t i = 0 ; i < num edge� sb ; i ++ , ++ ei t r )

r u l e . edge po i n t r u l e ( ei t r , edge poi n t buf f er [ i ] ) ;

/ / Take car e bor der poi nt as anot her geometry pol i cy .
f or ( i n t i = num edge� sb ; i < num edge ; i ++ , ++ ei t r ) f

i n t v = st d : : d i st ance ( p . v er t i ces beg i n ( ) , ei t r � > v er t ex ( ) ) ;
v onborder [ v ] = t r ue ;
r u l e . bor der po i n t r u l e ( ei t r , edge poi n t buf f er [ i ] , v er t ex po i n t bu f f er [ v ] ) ;

g

/ / Generate t he v er t ex poi nt s i n t he oper at i on or der .
V er t ex i t er at o r v i t r = p . v er t i ces beg i n ( ) ;
f or ( i n t i = 0 ; i < num ver tex ; i ++ , ++ v i t r )

i f ( ! v onborder [ i ] ) r u l e . v er t ex po i n t r u l e ( v i t r , v er t ex po i n t bu f f er [ i ] ) ;

A borderpointpolicy is introducedto supporttheboundarycase.Borderpointsusuallyhavespecialstencil
that in generaldegeneratedfrom 2-variablesurfaceto 1-variablecurve. Thefull list of there�nementhost
andthegeometrypolicies(includingborder point rule() ) canbefoundin theaccompanying source
code.

Dual Quad Quadralization

Primalschemes,suchasPQQ,PTQand
p

3 re�nement,reservethecontrolverticesor eventhecontrolpoly-
hedron.We candevisea sequenceof Euleroperationsto incrementallymanipulatetheconnectivity while
maintainingthe stencil correspondencefor theseschemes.Dual schemes,suchasDQQ re�nement, ex-
changethevertex andfacetin theprocess.Theseschemeslost thecontrolverticesandhencearehardto de-
viseincrementalmanipulations.Themodi�er callbackmechanismsupportedby CGAL::Polyhedron 3
is thenusedto implementsuchre�nementschemes.



Figure11– Doo-Sabinsubdivisionof theboxpolyhedron.

CSLrepresentsDoo-SabinsubdivisionasaDQQre�nementparameterizedwith Doo-Sabinsmoothing
rules.

voi d D ooSabi n subdi v i si on ( Pol yhedron& p , i n t st ep = 1) f
dual i ze pol y hedr on ( p , DooSabi n rul e< Pol yhedron > ( ) , st ep ) ;

g

The dualize polyhedron() is the re�nement host and the DooSabin rule is a policy class
supportingDoo-Sabinstencils.

Thegeometrypolicy of a DQQ schemeis shown in Figure4 (d) wherethestencilcentersarounda corner
(asa facet-vertex pair). Only onegeometrypolicy, i.e. thecornerpoint, is neededfor aDQQscheme.

t empl at e < cl ass Pol y>
cl ass dual i ze r u l e f
pub l i c :

/ / The cor ner i s poi nt ed by a hal f edge handl e .
voi d po i n t r u l e ( H al f edge handl e edge , Poi nt & pt ) f g ;

g ;

The Halfedge handle edge pointsto the cornercenteredin the stencilsubmesh;andthe Point&
pt refersto thesmoothingpointof there�ned polyhedron.Theimplementationof theDoo-Sabinstencilis
shown below.

t empl at e < cl ass Pol y>
cl ass DooSabi n rul e : pub l i c dual i ze r u l e< Pol y > f
pub l i c :

voi d po i n t r u l e ( H al f edge handl e he , Poi nt & pt ) f



/ / The Doo� Sabi n r u l e i s a f unct i on of t he f acet degree .
i n t n = CGAL : : c i r c u l at o r si z e ( he� > f acet ()� > f acet beg i n ( ) ) ;

/ / CGAL V ector computat i on i s used f or si mpl e codi ng .
V ector cv ( 0 , 0 , 0) , t ;
i f ( n = = 4) f / / Regul ar f acet .

cv = cv + ( he� > v er t ex ()� > poi nt () � CGAL : : ORIGIN ) � 9;
cv = cv + ( he� > nex t ()� > v er t ex ()� > poi nt () � CGAL : : ORIGIN ) � 3;
cv = cv + ( he� > nex t ()� > nex t ()� > v er t ex ()� > poi nt () � CGAL : : ORIGIN ) ;
cv = cv + ( he� > prev()� > v er t ex ()� > poi nt () � CGAL : : ORIGIN ) � 3;
cv = cv / 16;

g el se f / / Ex t r aor di nar y f acet .
doubl e a ;
f or ( i n t k = 0 ; k < n ; ++ k , he = he� > nex t ( ) ) f

i f ( k = = 0) a = ( ( doubl e ) 5 / n ) + 1 ;
el se a = (3+2� st d : : cos(2� k � 3.141593/ n ) ) / n ;
cv = cv + ( he� > v er t ex ()� > poi nt () � CGAL : : ORIGIN)� a ;

g
cv = cv / 4 ;

g
/ / A ssi gn t he smoothi ng poi nt .
pt = CGAL : : ORIGIN + cv ;

g
g ;

The next() of the halfedgesaroundthe facetis the only connectivity functionality neededto support
Doo-Sabinstencil. Insteadof usingtheconventionalinterface[i] of thepoint type,we demonstratethe
CGAL Point 3/Vector 3 computationthatgivesmoresuccinctcodes.

Connectivity re�nement is implementedbasedonthemodi�er callbackmechanism(MCM). In thedemon-
strationof Quad-Trianglesubdivision, MCM is usedto devisecustomizedEuler-like atomicoperators.In
CSL,MCM is usedto rebuild there�nementpolyhedronbasedon a completefacet-vertex index list. This
methodis called wholesaleschemein contrastto the incrementalschemeof Euler operations. The re-
�nement host of a DQQ schemeis representedas the dualize polyhedron() and it redirectsthe
re�nementby repeatingaone-stepre�nementfunctiondualize 1step() .

t empl at e < t empl at e < typename> cl ass RULE>
voi d dual i ze pol y hedr on ( Pol yhedron& p , RULE< Pol yhedron > r ul e , i n t d = 1) f

f or ( i n t i = 0 ; i < d ; ++ i ) dual i ze 1st ep ( p , r u l e ) ;
g

Thedualize 1step() �rst constructsa facet-vertex list thatis similar to theformatof aOFF�le or the
OpenGLvertex array. A facet-vertex list containstwo buffers: a point buffer anda facetindex buffer. The
point buffer storesthesmoothingpointsgeneratedby thegeometrypolicy, i.e. thepoint rule() . The
pointsaregeneratedin theorderof thehalfedgeiterator. Notethateachhalfedgepointsto a cornerthat is
a vertex on there�ned polyhedron.Thefacetindex buffer containsa list of thevertex indiceswhich depict
facetpolygonsof there�ned polyhedron.Thevertex indicespoint to thestoragepositionin thepointbuffer.
Sinceeachfacetof there�ned polyhedronis mappedinto ageometryprimitive, i.e. vertex, edge,andfacet,
of thesourcepolyhedron,thefacetorderis de�ned by (andequalto) theiteratororderof theprimitivesin a
CGAL::Polyhedron 3.

t empl at e < cl ass P> t empl at e < t empl at e < typename> cl ass RULE>
voi d Pol y hedr on subdi v i si on< P> :: dual i ze 1st ep ( P& p , RULE< P> r u l e ) f

i n t num v = p . si z e o f v er t i c es ( ) ;
i n t num e = p . si ze o f hal f edges ( ) / 2 ; / / Number of edges .
i n t num f = p . si z e o f f ac et s ( ) ;
i n t num f acet = num v + num e + num f ;

/ / I n i t t he f acet � v er t ex l i s t f or t he r ef i ned pol yhedron .



Poi nt � po i n t bu f f er = new Poi nt [ num e� 2] ;
i n t � � f acet bu f f er = new i n t � [ num f acet ] ;
f or ( i n t i = 0 ; i < num f acet ; ++ i ) f acet bu f f er [ i ] = NULL ;

/ / Bui l d t he poi nt buf f er i n t he or der of t he hal f edge i t er at o r .
H al f edge i t er at o r h e i t r = p . hal f edges begi n ( ) ;
f or ( i n t i = 0 ; i < num e� 2; ++ i , ++ h e i t r ) f

H al f edge ar ound f acet c i r cu l at o r c i r = he i t r � > f acet beg i n ( ) ;
/ / Generate t he poi nt w i th t he geometry pol i cy .
r u l e . po i n t r u l e ( ci r , po i n t bu f f er [ i ] ) ;

g

h e i t r = p . hal f edges begi n ( ) ; / / Used t o cal cu l at e t he v er t ex i ndex .
/ / The v er t ex i ndex i s t he d i st ance of t he hal f edge i t er at o r t o i t s begi n i t er at o r .

/ / Bui l d t he f acet bu f f er . Each r ef i ned f acet cor r esponds t o a cont r o l pr i mi t i v e .
/ / Const r uct t he f acet � f acet .
F ac et i t er at o r f i t r = p . f acet s beg i n ( ) ;
f or ( i n t i = 0 ; i < num f ; ++ i , ++ f i t r ) f

H al f edge ar ound f acet c i r cu l at o r c i r = f i t r � > f acet beg i n ( ) ;
i n t n = CGAL : : c i r c u l at o r si z e ( c i r ) ; / / Can be an ex t r aor d i nar y f acet .
f acet bu f f er [ i ] = new i n t [ n+1] ;
f acet bu f f er [ i ] [ 0 ] = n ;
f or ( i n t j = 1 ; j < n+1; ++ j , ++ c i r )

f acet bu f f er [ i ] [ j ] =
st d : : d i st ance ( he i t r , H al f edge handl e ( c i r . oper at or � > ()));

g
/ / Const r uct t he edge� f acet .
H al f edge i t er at o r ei t r = p . hal f edges begi n ( ) ;
f or ( i n t i = num f ; i < num f +num e; ++ i , ++ ei t r ) f

f acet bu f f er [ i ] = new i n t [ 4+1] ;
f acet bu f f er [ i ] [ 0 ] = 4 ;
f acet bu f f er [ i ] [ 1 ] = ( i � num f ) � 2;
f acet bu f f er [ i ] [ 2 ] = st d : : d i st ance ( he i t r , ei t r � > prev ( ) ) ;
++ ei t r ;
f acet bu f f er [ i ] [ 3 ] = ( i � num f ) � 2+1;
f acet bu f f er [ i ] [ 4 ] = st d : : d i st ance ( he i t r , ei t r � > prev ( ) ) ;

g
/ / Const r uct t he ver t ex � f acet .
V er t ex i t er at o r v i t r = p . v er t i ces beg i n ( ) ;
f or ( i n t i = num f +num e ; i < num f +num e+num v ; ++ i , ++ v i t r ) f

H al f edge ar ound v er t ex c i r cu l at or c i r = v i t r � > v er t ex begi n ( ) ;
i n t n = CGAL : : c i r c u l at o r si z e ( c i r ) ; / / Can be an ex t r aor d i nar y v er t ex .
f acet bu f f er [ i ] = new i n t [ n+1] ;
f acet bu f f er [ i ] [ 0 ] = n ;

f or ( i n t j = 1 ; j < n+1; ++ j , � � c i r )
f acet bu f f er [ i ] [ j ] =

st d : : d i st ance ( he i t r , H al f edge handl e ( c i r . oper at or � > ()));
g

/ / Rebui l d t he r ef i ned pol yhedron .
p . c l ear ( ) ;
Pol yhedron memory bui l der< Pol yhedron > pb ( num e� 2 , po i nt buf f er ,

num f +num e+num v , f acet bu f f er ) ;
p . del egat e ( pb ) ;

/ / r el ease t he buf f er of t he new l ev el
f or ( i n t i = 0 ; i < num f acet ; ++ i ) d el et e [ ] f acet bu f f er [ i ] ;
d el et e [ ] f acet bu f f er ;
d el et e [ ] po i n t bu f f er ;

g

After thefacet-vertex list is build, there�ned polyhedronis rebuild from thelist with themodi�er andthe
incrementalbuilder.

Poi nt � p = ( Poi nt � ) po i n t bu f f er ;
pb . begi n sur f ace ( num poi nt , num f acet ) ; f



f or ( i n t i = 0 ; i < num poi nt ; ++ i ) pb . add v er t ex ( p [ i ] ) ;
f or ( i n t i = 0 ; i < num f acet ; ++ i ) f

pb . beg i n f acet ( ) ; f
f or ( i n t n = 0 ; n < f acet bu f f er [ i ] [ 0 ] ; + + n)

pb . add v er t ex t o f acet ( f acet bu f f er [ i ] [ n + 1] ) ;
g
pb . end f acet ( ) ;

g
g
pb . end sur f ace ( ) ;

Thepb is anobjectof theCGAL::Polyhedron incremental builder 3.

CSL

CSL's policy-basedapproachoffersa convenientway to specializea subdivision with a templategeometry
policy class.Theaccompanying sourcecodeof CSL supportsCatmull-Clark,Loop,andDoo-Sabingeom-
etry policiesandhencethe subdivisions. Eachof the subdivision is constructedby a propercombination
of the re�nementhostandthe subdivision rules. A customizedsubdivision canbe easilycreatedwith a
user-customizedpolicy class.For example,a linearsubdivision with PQQcon�guration is parameterized
with averagegeometryrules.

t empl at e < cl ass Pol y>
cl ass av er age r u l e : pub l i c quadr al i ze r u l e< Pol y > f
pub l i c :

/ / Generate t he f acet cent r o i d .
voi d f ace po i n t r u l e ( Facet handl e f acet , Poi nt & pt ) f

H al f edge ar ound f acet c i r cu l at o r hc i r = f acet � > f acet beg i n ( ) ;
i n t n = 0 ;
FT p [ ] = f 0 ,0 ,0g ;
do f

Poi nt t = hci r � > v er t ex ()� > poi nt ( ) ;
p [ 0 ] + = t [ 0 ] , p [ 1 ] + = t [ 1 ] , p [ 2 ] + = t [ 2 ] ;
++n ;

g whi l e (++ hc i r ! = f acet � > f acet beg i n ( ) ) ;
pt = Poi nt ( p [ 0 ] / n , p [ 1 ] / n , p [ 2 ] / n ) ;

g
/ / Generate t he edge mi dpoi nt .
voi d edge po i n t r u l e ( H al f edge handl e edge , Poi nt & pt ) f

Poi nt p1 = edge� > v er t ex ()� > poi nt ( ) ;
Poi nt p2 = edge� > opposi t e()� > v er t ex ()� > poi nt ( ) ;
pt = Poi nt ( ( p1 [ 0] + p2 [ 0 ] ) / 2 , ( p1 [ 1] + p2 [ 1 ] ) / 2 , ( p1 [ 2] + p2 [ 2 ] ) / 2 ) ;

g
/ / Return t he v er t ex i t se l f .
voi d v er t ex po i n t r u l e ( V er t ex handl e ver t ex , Poi nt & pt ) f

pt = ver t ex � > poi nt ( ) ;
g

g ;

Following functioncall invokesthissimplelinearPQQsubdivision.

quad quadr al i ze pol y hedr on ( pol y , av er age r ul e< Pol yhedron > ( ) , st ep ) ;

Thoughdemonstratedwith aspeci�c enrichedPolyhedron 3 in ourpolyhedronviewer, CSLaccepts
any polyhedronmeshspecializedfrom thePolyhedron 3 . Theonly geometryrequirementis thePoint
type de�ned in the vertex item. Subdivisionsin CSL arebuild aspropercombinationsof the re�nement
functionsandthe geometrypolicy classes(hencethe nameCombinatorySL). The propercombinationis
constrainedby thestencilcorrespondenceandcheckedin thecompilertime.



Figure12– Modelsusedfor benchmarking. Complexity (in triangles):Bunny:69,451,Lion
vase:400k,David (simpli®edversion): 700k,Raptor: 2M.

The tutorial versionof CSL only supportsthe geometrymodi�cation of the vertex (henceonly the
isotrophicsubdivision). Boundarycanbe easilysupportedby introducingthe boundarypolicy. But for
anisotropicsubdivisions(e.g.Pixar's creaserules),datamodi�cations of thehalfedgearerequired.It can
bedoneby introducinghalfedgepolicy, thoughamuchcomplex structureis neededin there�nementhost.

5 Auxiliar y Geometric Algorithms
Therearegeometricalgorithmsavailablein CGAL, not directly processinga mesh,but thatcanbehelpful
in themeshprocessingcontext, for example,a fastself intersectiontest,thesmallestenclosingsphere,or
theminimumwidth of a point set. We usea few largemeshes(seeFig. 12) to evaluateperformanceon a
laptopwith an Intel Mobile Pentium4runningat 1.80GHzwith 512KB cacheand256MB main memory
underLinux. For our largestmesh,theRaptor, thealgorithmsstartedswapping.Nevertheless,theruntimes
arequiteacceptable.

(Theseprogramswerewrittenwith featuresonly availablewith thenext CGAL release3.1.,in particular
thebox intersectionandanimprovedconvex hull functionarenotyetavailable.)

time in min. sphere convex min. self inter-
seconds double gmpq hull width section
Bunny 0.02 14 3.5 111 3.2
Lion vase 0.19 396 13.1 276 22.9
David 0.12 215 20.3 112 41.6
Raptor 0.35 589 45.5 123 92.3

5.1 Self Inter section Test
Theself intersectiontestis basedon thegeneralalgorithmfor fastbox intersections[ZE02], appliedto the
boundingboxesof individual facets,i.e. triangles,asa �ltering step.Thetrianglesof intersectingboxesare
thencheckedin detail,i.e.,if they shareacommonedgethey donot intersect,if they shareacommonvertex
they may intersector not dependingon theoppositeedge,andotherwisethe intersectiontestfor triangles
in theCGAL geometrickernelis usedto decidetheintersection.A geometrickernelwith exactpredicates
is suf�cient for this algorithm. Interestingly, only the lion vaseis freeof self intersections.Thealgorithm



is fast,seethe tablebelow, thoughnot suf�cient for interactive use. Nevertheless,a �nal quality checkis
possiblefor quitelargemeshes.

Seethe full programin examples/intersection.C , we discussa shortenedversionherethat
detectsself intersectionsamonga trianglesoup,i.e., we ignore the extra handlingfor the meshand the
incidencesthatareno intersections.

/ / f i l e : exampl es / B ox i n t er sect i on d / t r i an g l e sel f i n t er sec t .C
# i ncl ude < CGAL / Ex ac t p r ed i cat es i nex ac t const r uc t i ons k er nel . h>
# i ncl ude < CGAL / i n t er sec t i o n s . h>
# i ncl ude < CGAL / po i n t gener at or s 3 . h>
# i ncl ude < CGAL / Bbox 3 . h>
# i ncl ude < CGAL / box i n t er sec t i on d . h>
# i ncl ude < CGAL / f unc t i on ob j ec t s . h>
# i ncl ude < CGAL / Jo i n i n p u t i t er at o r . h>
# i ncl ude < CGAL / copy n . h>
# i ncl ude < vector>

t ypedef CGAL : : Ex ac t p r ed i cat es i nex ac t const r uc t i ons k er nel K ernel ;
t ypedef K ernel : : Poi nt 3 Poi nt 3 ;
t ypedef K ernel : : T r i angl e 3 T r i angl e 3 ;
t ypedef st d : : vector< T r i angl e 3 > T r i angl es ;
t ypedef T r i angl es : : i t er at o r I t er at o r ;
t ypedef CGAL : : B ox i n t er sect i on d : : Box w i th handl e d< doubl e ,3 , I t er at o r > Box ;

T r i angl es t r i an g l es ; / / g l obal v ect or of al l t r i an g l es

Up to herewehave includedall necessaryinclude�les, de�ned our triangletypeandastd::vector
storingall triangles,andtheBox type. As a specialty, thechosenbox typewith thedouble type for its
coordinatesandin dimensionthreehasspecialsupportfor acceptingCGAL::Bbox 3 in aconstructor. The
box typeadditionallystoresaniteratorto thetrianglethatit encloses.

Next, we de�ne a callbackfunction for the box intersection. It acceptstwo boxesasargumentsand
will becalledwhenthealgorithmdetectsthatthesetwo boxesareintersecting.Thealgorithmusesanid -
functionof theboxes,heremappedto theaddressof thetriangles,to avoid reportingpairsof boxestwice.
The trivial intersectionof a box with itself is not reported.Now, theboxesareplaceholdersfor triangles;
weaccessthetrianglesandtestwhetherthetrianglesintersectaswell.

/ / cal l back f unct i on t hat r epor t s al l t r u l y i n t er sec t i n g t r i an g l es
voi d r ep o r t i n t er s ( const Box& a , const Box& b ) f

st d : : cout < < ” Box ” < < (a . handl e ( ) � t r i an g l es . begi n ()) < < ” and ”
< < (b . handl e ( ) � t r i an g l es . begi n ()) < < ” i n t er sec t ” ;

i f ( ! a . handl e()� > i s degener at e ( ) & & ! b . handl e()� > i s degener at e ( )
&& CGAL : : do i n t er sec t ( � ( a . handl e ( ) ) , � ( b . handl e ( ) ) ) ) f

st d : : cout < < ” , and t he t r i an g l es i n t er sec t al so ” ;
g
st d : : cout < < ' . ' < < st d : : endl ;

g

Themainfunctioncreatessomerandomtriangles,�lls astd::vector of boxeswith thecorrespond-
ing CGAL boundingboxesof all triangles,andcallsthebox self intersection d functionof CGAL.

i n t main ( ) f
/ / Cr eat e 10 random t r i an g l es
t ypedef CGAL : : Random poi nt s i n cube 3< Poi nt 3 > Pt s ;
t ypedef CGAL : : Cr eat or uni f or m 3 < Poi nt 3 , T r i angl e 3 > Cr eat or ;
t ypedef CGAL : : Jo i n i npu t i t er at o r 3 < Pts , Pts , Pts , Creator > T r i angl e gen ;
Pt s poi nt s ( 1 ) ; / / i n cent er ed cube [ � 1 ,1) ˆ3
T r i angl e gen t r i ang l e gen ( poi nt s , poi nt s , poi nt s ) ;
CGAL : : copy n ( t r i angl e gen , 1 0 , st d : : back i nser t er ( t r i an g l es ) ) ;



/ / Cr eat e t he cor r espondi ng v ect or of boundi ng boxes
st d : : vector< Box> boxes ;
f or ( I t er at o r i = t r i an g l es . begi n ( ) ; i ! = t r i an g l es . end ( ) ; + + i )

boxes . push back ( Box ( i � > bbox ( ) , i ) ) ;

/ / Run t he sel f i n t er sec t i on al gor i t hm wi th al l def au l t s
CGAL : : box sel f i n t er sec t i on d ( boxes . begi n ( ) , boxes . end ( ) , r ep o r t i n t er s ) ;
r et ur n 0 ;

g

For the full programexampleusing triangulatedmeshes,the callbackis more involved checkingfor
trianglesthatintersectgeometricallybut thatshouldnotbereporttedasintersectingsincethey intersectonly
at thecommonendpointor commonedgewith someproperneighbor. Sincethecallbackis morecostly, the
tradeoff betweencalling thebox intersectionalgorithmwith theboxesthemselfesor with pointersto boxes
(bot variantsaresupportedby default) shift in faviour for thepointerversion. Sowe createanadditional
std::vector with pointersto theboxesandrunthealgorithmonthose.For betterpracticalperformance,
onealsohasto considera cutoff parameterof thealgorithm. A highervaluethanthecurrentlychosen
default turnsout to bequiteabit fasterfor ourmeshes.

5.2 Smallest Enclosing Sphere

Smallestenclosingspheres,min. spherefor short,arecommonlyusedasboundingvolumesin bounding
volumehierarchies,for example,to speedup intersectiontests.Thealgorithmin [FG03] needsageometric
kernelwith an exact numbertype for correctness,but specializationsfor the numbertypesdouble and
float have beenwritten to be quite robust aswell. For the exact version,we useheregmpq from the
GMP numbertypepackage[Gra96]. Theruntimesareslow, but still feasiblefor hugemeshes.In contrast,
whenwe run the algorithmwith the double numbertype, it becomesfastenoughto be consideredfor
interactive purposes,for example,selectinga goodview frustumin a viewer. We comparedthe resulting
spheresof the algorithmrunningwith the exact andwith the �oating-point numbertype. In all casesthe
spherecentercoordinatesandthe radiuswhereexactly the sameup to the seven digits after the decimal.
Wewantto pointout therunningtimeanomalyin above table—thesmallerlion vaseneedslongerthanthe
largerDavid sculpture—whichis o.k. for thisdatasensitivealgorithm.It is worst-caselineartime(expected
timeover therandomizedorderof theinputpoints),but dependsonaheuristicto bereally fast.

Seethefull programin examples/mini_ball.C , wediscusssomeaspectsof it here.Whenrunning
theprogramwith thedouble numbertype,wechoosethekernel:

t ypedef CGAL : : Si mpl e car t esi an< doubl e> K ernel ;

Instead,whenpicking theexactnumbertype,weusethekernel:

t ypedef CGAL : : Car t esi an < CGAL : : Gmpq> K ernel ;

Sincewe areonly interestedin thepointsin theverticesof thepolyhedron,we choosea versionof the
polyhedronwith smallmemoryfootprint:

t ypedef CGAL : : Pol yhedron 3< K ernel , CGAL : : Pol yhedron mi n i t ems 3 ,
CGAL : : Hal f edgeDS vector > Pol yhedron ;

Thechosenversionof thealgorithm,CGAL::Min sphere of spheres d, is actuallydesignedto
computethe smallestenclosingsphereof spheres,so it could be usedto constructhierarchicalschemes



of boundingspheres,but we useit herejust for points, i.e., sphereswith a degeneratezeroradius. The
necessaryconversionfrom pointsto spheresrequiresanexplicit step.

voi d mi n spher e of spher es ( const Pol yhedron& P) f
M i n spher e of spher es mi n sphere ;
mi n sphere . pr epar e ( P. si z e o f v er t i c es ( ) ) ;
f or ( Po i n t i t er at o r i = P. poi nt s begi n ( ) ; i ! = P. poi nt s end ( ) ; + + i ) f

mi n sphere . i n ser t ( Sphere(� i , 0 . 0 ) ) ;
g
/ / . . .

The algorithmis working in arbitrarydimension,andin the exact casewith roots in the coordinates.
Thismakestheaccessto theresultingspherelessintuitive,e.g.,thecenterpoint is accessedwith aniterator
over thecoordinates,andthefollowing codeworksonly for thedouble versionof theprogram.

/ / . . .
cout < < ” Center poi nt : ” ;
st d : : copy ( mi n sphere . cen t er car t esi an beg i n ( ) ,

mi n sphere . cen t er car t esi an end ( ) ,
st d : : ost r eam i t er at or < doubl e > ( cout , ” ” ) ) ;

cout < < endl ;
cout < < ” Doubl e r adi us : ” < < mi n sphere . r adi us () < < endl ;

g

5.3 Convex Hull and the Width of a Point Set

Convex hulls are, similar to the smallestenclosingsphere,sometimesuseful as boundingvolumes,for
example,asa placeholderfor fasterinteraction. For the quickhull algorithm[BDH96] usedin CGAL a
geometrickernelwith exact predicatessuf�ces, andthe convex hull canbe computedsigni�cantly faster
than the exact smallestenclosingsphere,however, far slower than the double versionof the smallest
enclosingsphere.

t ypedef CGAL : : Ex ac t p r ed i cat es i nex ac t const r uc t i ons k er nel K ernel ;
t ypedef K ernel : : V ector 3 V ector ;
t ypedef K ernel : : Poi nt 3 Poi nt ;
t ypedef CGAL : : Pol yhedron 3< K ernel > Pol yhedron ;
t ypedef Pol yhedron : : Po i n t c o n st i t er at o r Po i n t i t er at o r ;

voi d conv ex hul l ( const Pol yhedron& P , Pol yhedron& Q) f
CGAL : : conv ex hul l 3 ( P. poi nt s begi n ( ) , P. poi nt s end ( ) , Q) ;
cer r < < ” # v er t i ces : ” < < Q. si z e o f v er t i c es () < < endl ;
cer r < < ” # f acet s : ” < < Q. si z e o f f ac et s () < < endl ;
cer r < < ” #edges : ” < < (Q. si ze o f hal f edges ( ) / 2) < < endl ;

g

In factwe aremoreinterestedin theconvex hull asa preprocessingto anotheroptimizationalgorithm,
thewidth of apointset.Theminimumwidth is obtainedby two parallelplanesof smallestpossibledistance
that encloseall pointsbetweenthem. The printing time for three-dimensionalstereo-lithographicprinter
is proportionalto the heightof the objectprinted. Minimizing this heightcanbe doneby computingthe
normaldirectionthatminimizesthewidth betweenthetwo planes,andthenalignthisnormaldirectionwith
theprinterheightdirection.

Thewidth algorithmrequiresanexactnumbertype,soweusetheresultof theconvex hull computation,
convertall verticesto exactpoints,recomputetheconvex hull, andrunthewidth algorithm.Theruntimesin
thetableabove arefor theconversion,recomputingof theconvex hull andthewidth computationtogether,



but excludingthe�rst convex hull computationthatrunson thefull dataset.

t ypedef CGAL : : Ex ac t p r ed i cat es ex ac t const r uc t i ons k er nel EK ernel ;
t ypedef CGAL : : Pol yhedron 3< EK ernel > EPol yhedron ;
t ypedef EK ernel : : Poi nt 3 EPoi nt ;
t ypedef CGAL : : W i d t h def au l t t r ai t s 3 < EK ernel > W i d t h t r ai t s ;
t ypedef CGAL : : Wi dth 3< W i dt h t r ai t s > Width ;

voi d wi dth ( const Pol yhedron& P) f
st d : : vector < EPoi nt > epoi nt s ;
f or ( Po i n t i t er at o r i = P. poi nt s begi n ( ) ; i ! = P. poi nt s end ( ) ; + + i )

epoi nt s . push back ( EPoi nt ( CGAL : : t o doubl e ( i � > x ( ) ) ,
CGAL : : t o doubl e ( i � > y ( ) ) ,
CGAL : : t o doubl e ( i � > z ( ) ) ) ) ;

Width wi dth ( epoi nt s . begi n ( ) , epoi nt s . end ( ) ) ;
Width : : RT num , denum ;
wi dth . get squar ed w i dt h ( num, denum ) ;
cer r < < ” wi dth : ” < < ( sqr t ( CGAL : : t o doubl e ( num ) /

CGAL : : t o doubl e ( denum))) < < endl ;
cer r < < ” d i r ec t i on : ” < < wi dth . get bu i l d d i r ec t i on () < < endl ;

g

Seethefull programin examples/convex_hull.C .

6 Application demo

Theapplicationdemorunson windows andfeaturesa standardMFC multi document-view architecture.It
featuresa trackballto interactively manipulatethepolyhedron.Acceptedmesh�le formatsareASCII OFF
andOBJ(1-basedvertex indicesfor thelatter).

Mouseinteraction
Left: rotation
Right: translation
Both: zoom.

Main keys
Press's' to subdivide themeshusingthequad-trianglescheme.
Press'r' to choosea renderingmode.Notethatsuperimposingthecontroledgesduringsubdivision is only
availablefor thequad-trianglesubdivisionscheme.
Press'ctrl+c' to generatea24-bitsrasterimageoutputto theclipboard.

Compiling on Windows
Theapplicationhasbeencompiledon MS .NET 2003usingCGAL. Apply thefollowing stepsto compile
thedemo:

� Install thelastreleaseof CGAL.

� De�ne an environmentvariableCGALROOT with the path to the CGAL folder. If you installed
CGAL with thestandardwizardinstallation,theCGALROOT variablewasde�ned at thattime.

� Compile the CGAL library in multithread mode. Go in CGALROOT/src directory and open
the cgallib project. Open from the main menu, Project Properties. Go to C/C++, Code Gen-
eration, Runtime Library and chooseMulti-threadedDebug (/MTd). Go to Librarian, General,
Output File and modify to ../lib/msvc7/CGALMT DEBUG.LIB. If you want to build in release
mode, chooseat the Project PropertiesCon�guration Release,and do the samestepsas before
but at the RuntimeLibrary you chooseMulti-threaded(/MT) and in the output of Librarian put
../lib/msvc7/CGALMT RELEASE.LIB.



To build debug andreleasemode,you needto choosethemodein themainmenuBuild at theCon-
�guration manager.

� OpentheMeshprojectin thetutorial/Polyhedron/MFC/Subdivision/directory. Choosefrom theCon-
�guration managerthemode(releaseor debug)youwantto build yourapplicationandthengo to the
next step.

� Rebuild all.
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