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Abstract

In informationtheory thetermcomplity hasbeenusedasmeasuref informationcontentin
agivenpieceof data.Basedon suchameasureinformationencodingscheme$iave beenevaluated
for theirefficiengy. For measuringhecompleity of atextualdata,probabilisticmeasurebave been
used. Suchmeasureslo not seemrelevant for the datarepresentinggeometricinformation. The
recentinterestin the areaof compactencodingof geometricdatamotivatesthis studyof defining
compleity measured thecontext of geometrianodelsandcompressiof geometridnformation.

Thespecificissueswve studyare:

¢ Whatconstituesnformationin geometriomodels?
¢ How to modelandencodegeometrianformationfor compactncoding?
¢ Whatcanbethemeasuresf compleity for differentkinds of geometrionodels?

1 Intr oduction

3D Geometricmodelsare beingextensiely usedin mary applicationsrangingfrom engineeringde-
sign,analysisyisualizationarchitecturamodeling,virtual mock-upsgamesgntertainmenandsoon.
With theincreasingcapabilitiesof the computingervironments yvisualizationhardware,moderninter-
active modelingtools[10] andsemi-automati@&D dataacquisitionsystem[3], large andcomplex 3D
modelsarebecomingcommonplaceLarge modelsposebasicproblemsof efficient storagetransmis-
sion, rendering,analysis,etc. Many applicationsusing3D modelsrequiretime-boundresponse For
example,interactve visualizationsystemgequirecertainnumberof framesto berenderedersecond
to be usable- irrespectve of the size of the model. Complex modelsdefinedin greatdetail cannot
be usedassuchdueto the limited bandwidthof storage transmissionprocessing.To dealwith this
mismatchbetweerthe complexity of the 3D modelsandthe capabilityof theresourcesthreeareasof
researchhave emegedeminently:(a) simplificationof geometricmodels(seea surwey in [7]), (b) ge-
ometrycompression6, 11, 16, 19, 20] and(c) progressie transmissioranddisclosurg?2, 14,17,18).

The simplificationand compressiortechniguesdentify redundancyn the representatiomf the geo-
metricmodelsandarriveatanew representatiothatcompactlyencodeshenon-redundantnformation
in themodel. Thekey point hereis thatsomefeaturesin the modelsrepresenthe significantinforma-
tion that are of geometricandvisual importancefor the consumptiorof the data. The simplification
techniquessuppresshe lesssignificantfeaturesandtherebyalsoreducethe datathat was neededo
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describethosefeatures. The loss-lessgeometrycompressioralgorithmsreducethe repeatednteger
referencedo the verticesin the connectity. The lossygeometrycompressioriechniqueshowever,
strip off the geometricdetailsby eitherreducingthe numberof triangles/polygon®r numberof bits
per the coordinatef vertices. The progressie transmissiorschemesdentify andtransmitfirst the
informationthatrepresentethe significantfeatureof themodel,followedby theotherinformationthe
constituteghe otherdetalils.

The motivation of this studyis to determinesomemeasureof compleity of a geometricmodel (in
particularfor a 3D polygonalmeshmodels)for answeringhefollowing questions:

1. Whatconstitutesnformationin geometriomodels?

2. How to modelandencodegeometrianformationfor compactencoding?

3. Whatcanbethe measuresf compleity for differentkinds of geometrianodels?
4. Whatcanbe optimalcompressiomchievablefor a give geometrianodel?
5.

Is it possibleto arrive at aninformationtheoreticframenork for estimatinginformationcontent
andcompleity of agivenmodel?

Complity measureareneededor practicalrequirement®f processindarge geometrionodels.For
processingneedssuchasrendering computatiorof globalillumination, computationafluid dynamics,
etc.thetimerequiredto completethe computationss largely dependenbn thecompleity of thegiven
model.lt is very helpfulto know thecompleity of themodelto estimatehetime requiredto complete
the computationajob. Onthe otherhandis alsousefulto reducethe compleity of themodelto some
measurghatcanbe handledby the computationataskin afixedamountof time.

The restof the reportis organizedasfollows. In the next sectionwe characterizevariouskinds of
modelsanddescribahefeatureghatcharacterizéhem.We alsosurwey the previouswork in derivation
of shapecompleity measuresWe concludeby highlightingthe limitations of thework donesofarin
the developmenibf compleity measure.

2 Characterization of Models

2.1 SomePreliminary Definitions

Polygonmeshmodelsaretypically definedin termsof (a) geometry-the coordinatevaluesof vertices
of themeshesnakingupthemodel,(b) connectivity-therelationshippmongtheverticeswhich defines
thepolygonalfacesof the mesh(alsocalledastopology of themesh) and(c) attributes- suchascolor,
normalandtexture coordinatestthe vertices.

Otherinformationsuchastexture imagesandmaterialpropertiesarealsocommonlypresentasa part
of themodels,usuallyassociateavith meshe®r groupsof meshes.

A polygonalmeshmodel O consistsof a set M of polygon meshesand associatechon-geometric
properties.A polygonmeshm € M consistsof a setV of vertices,a set E of edgesanda set P of
polygons. Eachvertex correspondso a point positionfrom thesetX = {z; € R*}. An edgee is
represente@dsa pair (v1,v) Of referencesnto the list of vertices. A polygonp is representeésa



sequencéuv, v, ..., ;) Of referencednto thelist of vertices.A triangle meshis a specialcasehaving
all triangularpolygons. Generallyin the actualrepresentationedgesare implied and not explicitly
stored.

A meshhaving eachedgesharedby at mosttwo polygonsand at leastone polygonforms a mani-
fold. A meshhaving anedgesharedoy morethantwo polygonsrepresents non-manifold A mesh
representing manifold surfaceis closedif all edgesaresharedoy 2 polygons,otherwiseit is open

In ameshmodelO, we call two polygonsasneighbouringpolygonsf they shareanedge.Thereexists
apathbetweerpolygonsp; andp; if thereis a sequencef neighbouringoolygonsp;, p1, p, ..., p;. A
subse, of themeshmodelO is calleda connecteccomponenif thereexistsa pathbetweerary two
polygonsin O.. Notethata givenmeshmodelmay have multiple connectedomponentsA meshcan
betrivially decomposeahto its connectedcomponentsisingsimplelabellingalgorithm.

Whenderiing a compactencodingfor 3D models therearethreeprocessethatwork on a polygonal
meshmodelO andarein somesenseaelated:compressionsimplificationandprogressie disclosure.

Compessionis the procesf deriving a new encodingfor a givenpolygonalmeshmodelO suchthat
thenumberof bits neededn the new encodings muchsmallerthanthe numberof bits neededor the
uncompressetepresentationlf U(0O) andC(0O) denotethe numberof bits for the uncompressednd
thecompressedersionsespectiely, thenthe compessiorratio is definedas

U(0) — C(0)

CR=="005

Compressions saidto be lossyif the decompressioprocesscannotgive backthe original polygon
meshmodelexactly.

Simplificationis the processof deriving a new representatiord, oftenreferredto asanimposter for
a given polygonalmeshmodel O by which S becomessimplerto dealwith normally for rendering
purposes. This is usually in the form of lessernumberof meshesor polygonsor verticesand the
eliminationof fine detailin geometryandassociatedformation,etc. Clearly simplificationis a kind
of lossycompressionA comprehensie review of simplificationtechniquesnaybefoundin [7].

Progressivalisclosueis theprocesof deriving anew representationf agivenpolygonalmeshmodel
O, which enablesoneto transmita coarserepresentatiomf the modelfirst and subsequentlyrans-
mit the detailsto refineit. Compressiorstratgjieshave beenusedin the progressie representatioof
modelsto alsomake the entiretransmissiordatacompact.Many groupshave developedcompression
schemesncorporatingprogressie disclosurecapabilities[2, 14,17, 18]. The schemeghatcombine
compressiorand progressie disclosurealways have a trade-of betweencompressiorand the addi-
tional dataneededor progressie representationf the models.

2.2 Classificationof 3D Models

While a numberof mathematicalepresentationsuchas quadrics,bi-polynomials,NURBS, sweeps,
Booleanoperationsetc. may be usedduring theinitial creationof the 3D models,the final evaluated
andstoredrepresentatiors usuallyin theform of polygonalmeshesgmostcommonly trianglemeshes.
Many compressiortechniqueshave thereforefocusedon suchtriangle meshrepresentationsQuite

naturally specificcompressiorschemesrebestsuitedto specificclasse®f suchcomple« 3D models
with well distinguishableshapecharacteristics.
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Figurel: Classificatiorof 3D models:Geometriccompleity versusCombinatoriacompleity

Therehave beena few attemptdo classify3D models.Thesearenormally basedon someformulation
for measuringhe compleity of theshapesndtheirrepresentationsin earlyattemptis by Forrest[4]
in which he classifieggeometriconodelsalongthreeaxes: geometriccompleity (lines,planescurves,
surfacesgetc.),combinatorialcompleity (numberof componentsedgesfaces.etc.) anddimensional
complity (2D, 2.5D, 3D). More recentattemptshave tried to relate polygonalrepresentationso
shapefactors[21, 1,5, 8, 12]. Theshapdactoraddressethe compleity measurealongthe geometric
complity dimension.Someof thelarge 3D geometrianodelspresentlybeingworkeduponin various
computergraphicgesearchaboratoriesaroundtheworld areshowvn in Figurel positionedn Forrests
modelclassificatiorspace.

Unlike digital modelsof naturalshapessuchasterrains,anatomiessculpturesand so on, suchen-
gineeringmodelsinvariably have a numberof repeateccomponentse.g., windows, pillars, fixtures,
etc. in differentorientationsandpositions. Typically suchmodelsconsistof a large numberof small
polygonalmesheseachconsistingof up to a few hundredtriangles.In Figure 1, thesemodelswould
betypically positionedn the upperright triangularregion.

2.3 Featuresin Models

Characterizatioof 3D modelsis alsopossiblein the context of variousfeaturesln agenerakettingit
is hardto give ary usefuldefinitionof features Someearlierattemptsare:

e “A featureis aregion of interestonthesurfaceof a part’ — Pratt,1985[15].

¢ “Featuresaredefinedasgeometricandtopologicalpatternsof interestin a partmodelandwhich
represenhigh level entitiesusefulin partanalysis. — Henderson1990(9].

Themaindifficulty hereis that,in trying to begeneraknougho coverall possibilities thesedefinitions
fail to pin thingsdown sufficiently to give a clearpicture. To make thesedefinitionsmoreconcretewe
give a classificatiorof features:

o functionalfeature:for example,a pivot,



e designfeature:arotatingpin supportedy two raisedlugs,

e manufcturingfeature:aturnedcylinder, a milled slot with anin-line reamedholethroughboth
walls, etc.

e applicationspecificfeature:thesecould be any combinationof topological,geometric,metric,
colourandtextureattributesor non-visualfeatures.

It isimportantto notethatfor agiven3D model,differentsetsof featuresnaybeextracted. Thefeatures
identified for a modelin the designfeature-spaceould be muchdifferentfrom thoserecognisedn
the manufcturingfeaturespace. For differentapplications,the model underconsideratiormay be
describedn differentfeaturespaces.

In agivendomainof application,suchasmechanicaAD modeling,it is possibleto describea given
modelin termsof specificsetof parameterisedeatures. A descriptionof this kind is always more
compactthana purely geometricdescriptionof a given model. But we mustnotethat suchfeatures
have a lot of implied knowledgethat needsto be incoportatednto the software and algorithmsthat
procesgherepresentation.

In orderto make useof featuresin processinggeometricmodels,somecore commonaspectsxist.
Theseapplyirrespectve of thedomainof problemsandthe particularproblemsathand.Therelevance
of individual aspectsnayvary. Theseare:

1. Identificationof features: A particularfeatureof interestin a given 3D modelmustbe specified
in away suchthatit canbe algorithmicallyidentifiedin the 3D data. This definition canbe a
mix of topologicalpropertiesgeometricmetrics,colour andtexture attributesandso on. Some
higherlevel featuresmay be definedin termsof simplerlow-level features.Suchhierarchieof
featuresarecommonin literature.

2. Recanition of features: Recognitionof a featurein the given3D modelis an essentiatompu-
tationalpartfeature-basegrocessingf geometricmodels. For detectingan individual model,
typically specialisedilters needto beimplemented.

3. Suppessingeatutes: By suppressingfeaturewe meanremoving alocal instanceof thefeature
while minimally disturbingthe dataaroundthefeature.

4. Reconstructiorof featues: This is aninverseof “suppressindeatures. By reconstructiorwe
meanrestorationof a previously suppressefeaturein the data,preferably without ary loss of
informationof theoriginal data.

5. Encodingof features: A machinerepresentationf featurespreferablya compactone, mustbe
developed.

6. Feature spacecorversion: Givenamodeldescribedn onefeaturespacepftenthereis arequire-
mentto convertthe descriptionto anotherfeaturespace.

Thetechniquegor simplificationof geometrianodelsdentify specificfeaturesrecognizeandsuppress
themto obtainalesscomple approaximatiorof themodel. Differentapplicationgequiredifferentsets
of featuredor their processingeeds Losslesggeometrycompressiorschemesoo encodespecificlo-
calfeaturescompactly Thesefeaturesaretopological(connectity-based)aswell asgeometrybased.
Thelossytechniquesuppresseaturesandalsoreducethe databy reducingthe numberof bits usedto
representoordinatevaluesfor theverticesin themodel.
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3 Optimal StorageAllocation

In the settingof lossycompressionlet O bea 3D modelwhoseuserequirest to bein atrianglemesh
representatiom. The meshA may be compressetby simplifying the meshto reducethe numberof
verticesV, by quantizingthe vertex coordinatego B bits and by using somelosslesscompression
techniques.Kind and Rossignad12] have carriedout extensve studiesin developinga setof met-
rics for estimatingthe shapecompleity K of a given meshmodel. Their researctcontributionsare
summerisedh this section.

If theendapplicationhasafixedrequirement®f sizeandcompleity of themodelto be handledthen
it is importantto addresghefollowing questions:

1. Given a boundon the compressedile size F', which valuesof V' and B minimize the error
betweerthe original modelandthe compressedhodel?

2. Givenaboundonthegeometricerror E/, which valuesof B andV minimizethetotal numberof
bits for storage?

3. How doestherelationshipbetweenB, V, F and E affect dependon the shapecompleity K of
themodel?

Notethatfor a givensetof valuesB andV/, therecanbe large numberof differentapproximations4’
of the original meshmodel A. The specificapproximationwould be determinedy the algorithmthat
givesthesimplifiedversion.

King andRossignadormulatethe notion of shapecompleity K basedon error E introducedin the
modelasaresultof lossyoperatorghataffect B andV'. Basedon their framework, simplificationof
the original modelcanbe carriedout while the errorremainsbounded.The numberof bits neededo
storethe simplified modelis thena measuref theinherentcompleity of themodel.

To measurdhe error betweerthe original modelandthe currentapproximationin the processof sim-

plification is formulatedusingvariouscriteriain [12, 8]. Thesearebasedon geometricdeviation from

theoriginal model. They demonstratéhe effect of curvatureandothershapecharacteristicéik e sharp
edgescornersonthe numberof triangles.

The limitations of thesemeasuresre: (a) they areprimarily basedon local measurementandfail to
considerthe global distribution of error, (b) thesemeasuresttemptto computethe obtamalstorage
requirementsn isolationfrom the specificalgorithmsthat carry out lossy compression(c) the sim-
plifying assumptiorthat the given model can be consideredas a pieceavise compositionof spherical
surfacedimits the domainof modelsthey canhandlein estimationof compleity measure.

4 Feature BasedEstimation of Complexity

Considerascenariovherea givengeometrianodelcanbe completelydescribedn termof application
specificfeatureof themodel. Thesefeaturescould be designfeaturesmachiningfeaturesfeaturesor
machinevision,andsoon. Let usconstructanalphabetF’ of parameteriseteatureghatarenecessary
for thedescriptiorof themodelO. Thesymbolsin themodelcanthenbeentropy coded13] to achiere
compression.



ThemodelO describedasa sequencef featuresf € F' canbecompressedsfollows. Let the model
bedescribedas

O = (fo, f1, f2: s [)

whereall the featuresare derived from the set . The randomoccurrenceof feature f; may happen
with probability P( f;), andsuchaneventis saidto containinformationunits

I(f;) = log

1
= —logP i)
) 9P (f;)
ThequantityI( f;) would be calledthe selfinformationof the parameteriseteaturef; in themodelO.
The sumof suchself informationunits of occurrence®f the featuresin the sequencelescribingthe
modelwould be the shapecompleity measurdor themodel

K(O,F) = ZI(fi)

whereF' is the setof featuresdentifiedin the given modelfor the applicationat hand. The encoding
may be carriedout using somegenericcompressiorschemesuchas Huffman coding or Arithmetic
coding.

Thesetof featuredeingmodeledandrecognisedn suchacompleity estimatiorframenork couldalso
be very genericand non-applicatiorspecific. The featurepatternscould be discoveredfrom scratch.
Discovery of featurepatternsan geometrianodelsis a partof our currentwork in progress.This work

is describedn theaccompaying technicalreportfor this semester

5 Conclusionsand Futur e Dir ections

In this reportwe have summarisedhe contemporaryresearchn the areaof compleity estimation
for geometricmodels. Compleity measuresreneededo estimatetime neededor carryingout ary
analysis rendering transmissiorandstorageof the models. Suchmeasuresire alsorequiredfor the
evaluationof modelsimplificationandcompressioralgorithms.

The currentwork in this directionis in very priminary stagesandfor now, makesa lot of simiplifying
assumptionsThefuturedirectionsfor thiswork are: (a) feature-basetheasurefor estimatiorof shape
compleity, (b) discovery of genericself-informationof the given modelfrom the self-informationof
the individual features,(c) developmentof more sophisticatecerror measuredetweenthe original
modelandsimplifiedmodels.
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