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Abstract

The computationof goodviewpointsis importantin several fields: computergraphics,remaval of degeneacies
in computationalgeometry robotics,graph drawing etc. Howerer, in areassud as computergraphicsthere is
no consensu®n what a good viewpoint meansand, consequentlyead author useshis or her own definition
accouing to the requirementsof the application.In this paperwe presenta formal measue strongly basedon
Information Theory viewpoint entropy, that can be appliedto certain problemsof ComputerGraphicssud as
automaticexploration of objectsor scenesind ScendJndeistanding We alsodefinea new measue, theorthogonal
frustumentropy, in order to fulfill the requirmentsneededo visualizemoleculesWe designan algorithm that
malesuseof graphicshardware to acceleate computationandwhosecompleity dependsnainly onthenumber
of views we wantto analyze Computationof good views of moleculess usefulfor molecularscientistsa field
which includespractitioners from Crystallography Chemistryand Biology.

1. Introduction

In the scientificworld we oftendealwith threedimensional
data.Unfortunately in mostcaseswe only have at our dis-

posal2D media(e. g. images)to inspectit. Thereforeit is

frequentlydesirableto obtain2D representationthat allow

us to understandhe elementsbeing studied.This problem
appearsn severalfields: computergraphicsgraphdrawing,

datavisualization,knot theory robotics, etc. Despitethat,

the goodnesof a 2D representatioifa view or image)can
be differently evaluateddependingon the problemwe have

in mind. As an example,certainviews which are good for

Image-BasedVlodeling purposescan be uselessor object
recognition.

In this paperwe presenta measurethe viewpoint en-
tropy, that can be seenasthe amountof information of a
scenethat canbe capturedirom a point. Viewpoint entrofy
hasbeenusedin a previous work to addresssome prob-
lemsin computergraphicssuchasSceneUnderstandingr
automaticexploration of objectsor scene¥. Sceneunder
standingtechniques deal with the problemof selectinga
setof imagesthat are enoughto make the userunderstand
the scenebeingrepresentedWe will modify viewpoint en-
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tropy in orderto copewith orthogonalprojections(the kind
of projectionsusedby molecularsciencepractitionerswho
belongto severalfields,suchasCrystallographyChemistry
andBiology) andseehow this measureanbe appliedwith
molecules A hardware-basedilgorithmwhich computesa
solutionwith userdefinedapproximatioris thenpresented.

Therestof the paperis organizedasfollows: In Section2
we study the meaningof the term good view in different
fields and presentthe main featuresof the problemwe ad-
dress:molecularvisualization.Section3 presentghe mea-
sureof viewpointentropy andintroduceswo new measures
to dealwith imagesthatdo not cover 360degreesthe latter
speciallyadaptedor the caseof molecularmodels.In Sec-
tion 4 we presentour hardware-basedlgorithm and shaw
theresults,andfinally, in Section5 we discussour achieve-
mentsandpoint out somelines of futurework.

2. Previous Work

Scientificpractitionerdrequentlyneedto visualize3D data.
Generally only a 2D displayingmethod,e. g. picturesor a
computerscreenis available.This posesomedifficultiesin
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recognizingor understandinghe objectsbeinganalyzedas
the projected2D imagesmay have differenttopologyto the
3D counterpartspr might not shav enoughinformation of
the sceneor object. On the otherhand,certain2D projec-
tionshave somecharacteristicthatmake themusefulfor in-
specting3D objects which arecalledeithernice or regular,
or simply good projections.Therearea numberof different
criteriathatdescribethis notion of goodview dependingon
theapplicationin mind.

Automatic selection of good viewpoints has recently
startedto receve greatattentionin ComputerGraphicsdue
to the emegenceof Image-BasedRendering?6 10 tech-
nigues.As the datais volumetric,thenthe occlusionprob-
lems that arise are harderto solve thanin computational
geometry®.

KamadaandKawai® andRobertsandMarshall3 consider
adirectionto be goodif it minimizesthe numberof degen-
eratedfaceswhenthe scends projectedorthogonally How-
ever, this conditionis not sufiicient becausat fails when
comparingsceneswith equalnumberof degeneratedaces
andit doesnot ensurethatthe userwill seea large amount
of detail, asdiscussedn?. Barral et al? and Dormeé mod-
ify Kamadas$ coeficient in orderto copewith perspectie
projectionsThenthey createa heuristicwith someotherpa-
rameterghatweighboththenumberof facesseerfrom each
point and the projectedarea,morewer they add an explo-
ration parametemhich accountsfor the facesalreadyvis-
ited. However, they admit that they have not beenable to
determineagoodweightingschemdor thedifferentfactors.
This causesomeproblemswith objectscontainingholes,as
thesearenot capturedproperlyby thealgorithm.Vazquezt
al’® presentan Information Theory-basedneasurecalled
viewpoint entropy which can be usedto determinewhich
pointsof view in asceneshav higherinformation.

In roboticsliterature,the goal of selectinga small setof
camerasvhich allow usto obsenre thewholeobjecthasalso
beenstudiedunderthe nameof sensoiplanningor next best
view selection Differentassumptionsremadein next best
view systemsto simplify the problem.Several systemse-
quire a CAD modelof the sceneto be known a priori. The

two mainapproacheare:search-baseahdsilhouette-based.

Search-basethethodsuseoptimizationcriteriato searcha
groupof potentialviewpointsof the next bestview. Many of
thesemethodsmplg/ rangeimageso cane avay voxelsin
a volumetric space Wong et al'” presentan algorithmthat
searcheall possibleviewpoints, and selectsthe next best
view asthe onethat cancane away the mostempty space
voxels. This systemis effective, but aspointedout by Mas-
siosandFishet!, suchanapproachmayresultin views that
obsere surfacesat very oblique angles.Other approaches
usethe silhouettesof objects.For example, Abidi! devel-
opsa methodthatemploys informationtheory For a given
view, a silhouetteis dividedinto segmentsof equallengths.
Then,an informationmeasurehat computeghe geometric
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andphotometrieentrofy is foundfor eachsegment.Theseg-

mentwith the minimal entrogy is choserto selectthe next

bestview. This methodassumeshat by moving the cam-
erato obsere the sggmentcontainingthe leastinformation

better more information aboutthe scenewill be captured.
Silhouette-basechethodsanoftencomputenext bestviews

morequickly thansearch-basedpproachesHowever, it is

not always possibleto generatean accuratesilhouettein an

imagefor anarbitrary(for exampleindoor) scene.

There are few paperswhich refer to the viewpoint se-
lection processfor Image-Basedviodeling, however, most
papersselecta fixed set of camerasplacedin arbitrary
positions: 1210, Stiirzlinge#* createsa methodfor sampling
all visible surfacesbut doesnot addresghe problemof ad-
equatecoverage Fleishmaret alé presentanalgorithmthat
adequatelwampleghe surfacesvisible from a certainwalk-
ing region by placingthe cameraon a large numberof po-
sitionson the boundaryof the walking zone.The coverage
quality criterionfor a polygonis basedn its projectedarea
onahemispherdor acamergosition. Thesetof camerass
selectedy choosinghe camerashatsamplea highernum-
berof polygonsatanappropriateate ,whichdoesnotensure
thatthe amountof informationthey provide from the scene
is high. If we hada scenewith certainregionscoveredwith
alot of very small polygons this methodcould first sample
partsof the scenethatcover smallareasnsteadof choosing
otherregionswhich cover larger portionsof animagewith
less(or closer)polygon$ 516, Hlavacet al® usea setof im-
agesto representin object. They choosea setof reference
imagesositionedaroundthe objectin intervalsthatguaran-
tee error boundsbelov somethresholdwheninterpolating
intermediateviews. This methodis notintendedto measure
the quality of a view, aseachimageis comparedwith the
previous oneandonly chosenif the degreeof dissimilarity
is highenoughSoit is not possibleto evaluatethegoodness
of completelydifferentprojectionsfrom the samescene.

Knot theory graphdraving, andcomputationabeometry
usually deal with ideal objectsconsistingof segmentsand
points®. Thisis not suitablefor moleculesasthe volumeof
thedifferentatomsencodests actualcovalentradius.

2.1. Molecular Visualization

Molecular scientistsare concernedwith obtaining good
views of moleculeswhichallow themto infer theirchemical
or physicalpropertiesin thiscasewe have threeconditions:

1. Moleculesarerigid objects.

2. Atoms (vertices)andbonds(edgeshave a volume,they
arethereforerepresentedsspheresndcylindersrespec-
tively.

3. Informationis encodedn the colourof theatomsandthe
sizeof theirradius.

Unlike computational geometry approacheswhere a
goodview is enoughwe seekfor an optimal projection,as
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wewantto seeall theelement®f amoleculeunderthebetter
projection.The goodviewpointsof a moleculeconsistboth
of the points wherewe seemost of the atomsand bonds
and the oneswhich shav how the moleculeis orderedin
spaceWe will shav in Section3.3 thatthey correspondo
the pointswith maximumandminimum orthogonakentrofy
(theoneswhich provide maximumandminimumamountof
informationrespectiely).

3. New Measures

In this sectionwe presentan Information Theory 4 mea-
sure,viewpoint entrogy. It wasfirst introducedby Vazquez
etal'® andcanbeinterpretecastheamountof informationof

a scenewhich canbe seenfrom a point. Viewpoint entropy

takesinto accounthenumberof facesandtheprojectedarea
in a virtual scene.Our conceptof informationis basedon

visibility.

3.1. Viewpoint Entropy

Viewpoint entropy is basedon an InformationTheorymea-
sure theShannorEntrop/? 4. TheShannorEntropy of adis-
creterandomvariableX with valuesin theset{a;, ap, ..., an}
is definedas

HX) = - i pilog

where p; = Pr[X = @], the logarithmsaretaken in base2
andwhenp; = 0, pjlogp; is O for continuity reason4. As
—log pi representtheinformationassociateavith theresult
a, the entrofy givesthe average informationor the uncer
tainty of arandomvariable.Theunit of informationis called
a bit. Let sceneS consistof a setof N; faces.We are go-
ing to useas probability distribution the relative areaof the
projectedfacesover the sphereof directionscenteredn the
viewpoint p, asin Figurel. Thus,theviewpointentopyof a
point p from asceneSis definedas®:

N¢ . X
SP)=~ 3 4100 % ®

whereA is the projectedareaof facei and4ll is the solid

angleof the sphere Hence,A; /411 representshe visibility

of facei with respecto the point p. Wheni = 0, the area
projectedis the backgroundThis is neededo have a well-

built probability distribution function(cf. Vazquezetal'®).

3.2. Perspective frustum entropy and orthogonal
frustum entropy

In mary casesvhatwe really wantto measures theamount
of information provided from a singleimagethat doesnot
cover all the sphereof directions,asthis is theway we usu-
ally obtainthe 2D representationdn orderto do this we
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sphere of directions

Figure 1: Computatiorof the viewpointentopy by project-
ing the objectsontoa boundingsphee of theviewing point.

projection plane

Figure 2: Only the objectsinside the frustumvolumeare
consideedfor the entropy computation.

mustconsidertwo casesthe onewherewe have a perspec-
tive projection(eithercomingfrom realworld or from a vir-
tual scene)andtheonewherewe dealwith orthographically
projectedmageswhich areequivalentto a perspectie pro-
jectionwith the point of view placedat infinity). To obtain
suchmeasuresye usethe viewpoint entrofy asabasis.For
the perspectie case,the measurds the sameandwe only
have to changethe total solid angleof the sphereto the to-
tal areaof the intersectionof the frustum pyramid with the
sphere For the orthogonalcasewe have the sameformula
but the pixels mustnot be weightedby the anglethey sub-
tend.Thus,to measurdahe orthogonal frustumentropy of a
view we canapplythefollowing formula:

Nt

Npix;
lo(Sp)=—Y L *log
( ) i= Npix; Npix;

Npix;

: )

whereNpiy is the numberof the projectedpixels of facei,
and Npix. is the total numberof pixels of the image.This
measurds appearance-baséa the sensethatit only mea-
sureswhatwe canreally see.This meanghatwe will apply
formula (2) to the objectsthat projectat leastone pixel on
thescreenthus,percevableby anobserer.

3.3. Good viewpoints of a molecule

In this sectionwe analyzetherequirement®f molecularvi-
sualizationand seehow they canbe fulfilled usingthe or-
thogonalviewpointentrofy measure.

A good viewpoint can be definedas the one that gives
more information aboutthe scene(Vazquezet alf). Two
casesrespeciallyimportantfor molecularscientists:

1. Projections with high orthogonal entropy of single
molecules:they give a lot of information about the
moleculesheingobsered. Thus,theseprojectionsallow
usto seemostof theatomscomposinghe moleculeand
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(c) lo = 4.5550
Figure 3: Figures (a) and (c) show the points of maxi-
mum orthogonal entropy of a molecular representationof
Ru(lll) trichloro-2,2":6’,2"-terpyridineand an arrangement
of the samemolecule Figures(b) and (d) showthe respec-
tive pointsof minimumorthogonal viewpointentropy.

the distancesandanglesof the bonds.Thesefeaturesare
relevantfor molecularscientistdbbecausehey helpto in-
fer chemicalpropertiesof themolecule.

2. Projectionswith low orthogonakntropy of arrangements
of the samemolecule:The orderingin spacedetermines
physicalpropertiesof the moleculeswhich canthenbe
discoveredby scientistdrom theseviews.

(d) lo = 2.0805

A single projection of maximum entrofy might not be
enoughto represengll atomsand bonds.In Section4 we
presenta hardware-basedlgorithmthatfinds the minimum
setof imageghatshavs all thesefeaturesThe bestimageis
the onewhich maximizesthe informationprovided. In Fig-
ure3a we canseearepresentationf a Ruteniumcompound
seenfrom the positionof maximumentrogy, andin 3b seen
from the point of minimum viewpoint entrogy. Note thatin
3a all the componentof the moleculeare visible. The re-
spectve arrangementsf several of thesemoleculesappear
in 3c and3d. Notethatin 3c it is easyto perceve aregular
orderingin somedirection.

4. Hardware-based orthogonal entropy computation

With todays technologypowerful graphicscardsareafford-

ablefor low-endpersonatomputersThey permitthedesign
of algorithmsusing OpenGL and, consequentlyrendering
canbedonein realtime. In this sectionwe shav ahardware-
acceleratealgorithmwhich enablesus to computethe or-

thogonalentropy of animagein millisecondswithout major
optimizations.
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Selectasetof pointsplacedn regularpositionsall around
theobject
for all the pointsdo
Computethe orthogonakentrofy andstoreit
Storea bitmapencodinghevisibility of thefacesfrom
thepoint
end for
Orderthe pointsin decreasingiewpointentropy
Selectthefirst point  {the onewith maximumorthogo-
nal entropy}
Accumulatethevisitedfacesn a bitmap
i+0
whilei < totalPointsand not finisheddo
if numFacesNotSeei)(> thresholdthen
Selectpointi
Accumulatethevisitedfacesin abitmap
finished« isFinished(numberofigitedFaces)
end if
i—i+1
end while

Figure 4: Algorithmthat computeshe setof view with high
entropyof a moleculeandwhich covers all theelements.

4.1. Datarepresentation

We have amodelcomposedy spheresndcylinders,andin

equationg1) and(2) the elementave projectarefaces We

usuallyassumehatwe have scenecomposedy polygons,
and elementssuchas spheresor cylinders are discretized.
This is dueto the factthatthe usualscenesanhave differ-

entopticalpropertiedor differentpolygons andthuswe are
interestedn capturingthe information of the whole scene.
In MolecularVisualization,atomsandbondslook the same
from all pointsof view. Consequentlywhenwe seeanatom
we know how it will look from thebackside.That'swhy we

donotneedto discretize¢hesceneEquialentresultsareob-

tainedif we discretizein equalsizedtrianglesfor samesized
objects(otherwiseit would leadto errorsasthe orthogonal
entropy of two facediscretizedn differentmannerdasalso
differentvalues).The finer the discretizationthe betterthe
resultswould be.

We assumethe moleculeis centeredat point (0,0, 0).
To computethe bestviewpoints we usethe algorithm that
appearsin Figure 4. Orthogonalentrofy is computedby
colourcoding the facesin an item buffer. The imagesare
capturedby a cameraplacedin the current position and
pointing to the origin. Then, orthogonalentrofy is calcu-
latedby summingup all the pixelswith the samecolour (i.e.
all the pixelscomingfrom the sameface)andapplying(2).
Then,the viewpointsareorderedin decreasingentrofy and
aloop selectghe pointswith high entrogy which seea cer
tain numberof faces(above athresholdnotyetvisited. The
thresholdcandependn thenumberof notyetvisitedfaces,
to ensurewe cover all the facesandto avoid addingviews
which shav only onenew atomor bond.

(© TheEurographicfssociation2002.
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4.2. Results

We have evaluatedour algorithmwith differentmolecules.
Molecular scientistsneedto visualizefirst the moleculeall
aloneandthena groupof themorderedn spaceTwo kinds
of viewings areinteresting the onesthat shav a lot of de-
tails on the moleculeand the oneswhich allow us to see
how it is orderedin space,thesecorrespondto the ones
which presentow entrogy. Consequentlyour implementa-
tion searcheshe pointsof high orthogonalentrofy andalso
the pointsof low orthogonalentropy. In Figure5a we seea
molecularepresentationf atetrabromicsaltfrom the point
of maximumorthogonakntropy. Thisview allowsto seethat
this crystalpackinggenerateghanneldbetweenmolecules.
Theirproximity permitsto infer thepresencef intermolecu-
lar hydrogenbridges.Although higherresolutionwould ob-
tain slightly betterimages(with the backatomscompletely
occluded}hisis nota severedravbackasthe onesobtained
arealreadygoodenougtfor theusersasthey alsoenableus
to seethattherearesomemoreatomsin the backside.Fig-
ure5b shawvs the samemoleculefrom the minimumentropy
view. Figures5c and5d shav the points of maximumand
minimumentroyy for anarrangemendf thesamemolecule.
In Figure6 two formsof Carbonareshavn. Figure6a shavs
a graphiteand Figure 6b a diamond.Note thatthe arrange-
mentinto layersof graphitemay indicatethatthereis a di-
rection of easyexfoliation of the molecule(asit really oc-
curs)while the structureof diamondwith bondsin different
directionsof spacemale it a strongmolecule.

(©) lo = 2.593

(d)lo=1.104

Figure 5: Figures (a) and (b) showa molecularrepresen-
tation of a tetrabromic salt of a hexaazamaarcyclicligand

seenfrom the pointsof maximumand minimumentiopy re-

spectivelyFigures (c) and (d) showthe views of maximum
andminimumentropyfor a setof thesemolecules.
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(@ (b)

Figure 6: Figures (a) and (b) showthe minimumentropy
viewsof themolecularrepresentation®f two Carbonforms,
graphiteanddiamondrespectivelyFromtheseviewsmolec-
ular scientistscaninfer theresistancdo physicalpressue.
Whilediamonds verystrongdueto thebondsin threedirec-
tions,graphite’s layered structue malesthemoleculesasily
exfoliable

4.3. Performance

Thecompleity of ourapproactdependsnainlyonthenum-
ber of views beingevaluatedandtheimagesize.It depends
only weaklyon the numberof facesof the model,andmod-
elswith several hundredsof facesbehae like modelswith
severalthousandsOur algorithmhasseveral advantages:

e Thenumberof views selectedor evaluationcanbe cho-
senby theuser

e Thenumberof resultingviews canbealsosetby the user

e Adaptive methodscanbeappliedto find betterresults.

As theentroyy is definedasa continuoudunction,adap-
tive methodscould be usedto improve the resultsproduced
by a sparselysampledfirst evaluation.For a resolutionof
400x 400 pixels, we obtaina performanceof 17-18fps on
a AMD-K7 processomt 700 MHz. We useda Riva TNT2
graphicscardandthe algorithmworked in the front buffer,
andno optimizationsare made.Several improvementscan
be appliedif we areseekingfor betterframerates,suchas
theuseof boundingboxesto acceleratémageanalysisyvis-
ibility preprocessetc.

The procesof synthesizinga moleculeis very complex.
It consistsof two main steps:Synthesisand purification of
the molecule,andthe characterizatiorstepwherean X-ray
diffraction procesgyenerateshe crystallographiaata.This
is the modelwe visualize.The whole processcantake sev-
eral years,but the characterizatiorstep can be obtainedin
a period which variesfrom several hoursup to morethan
oneweek.Whenthe modelhasheencreatedpur algorithm
cancomputethe optimalviews in a coupleof minutes,soif
we addour methodto thecharacterizatiopipelineits costis
negligible. As anautomategrocesdlid not exist, scientists
hadto spendup to several hoursto obtaina goodview with
thecommontools.
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5. Conclusions and Future Work

Visualizationof moleculess relevantfor molecularscience,
a discipline which falls in several areassuch as Crystal-
lography Chemistry and Biology. Obtainingsuchviews is

time consumingfor molecularscientists.In this paperwe

have presented new approactthatcomputesautomatically
goodviewpointsof a molecule.First, we have introduceda
new measurethe orthogonal viewpoint entropy. Thenwe

have designeda hardware-basedhlgorithm that automati-
cally obtainsgoodviews in a coupleof minutesusingthis

measure The resultsobtainedby the algorithm are a set
of views which fulfill the requirementf molecularvisu-

alization:they revealmostof the detail of the molecule and
shawv how it is orderedin the space.The usercan setthe
level of approximatiorof thealgorithm,aswell asthe num-
ber of resultingimageshe or shewantsto obtain.In most
casegheviews generatedby our applicationcancompletely
replacehumaninvolvement,otherwise for highly comple

compoundsthey area goodstartingpoint. It alsoprovides
several views that could be missedby scientistsandit has
provento greatlysimplify the chemistwork.

In the future we will studythe particularrequirement®f
thevisualizationof DNA models,asthey have several simi-
laritieswith theproblemaddresseih thispaperBesidesye
will studyadaptve methodso computeorthogonakentroyy.
Moreover, someimprovementghathave beensuggesteare
the computatiorof rotationsaroundcertainaxesandthevi-
sualizationof bondingangles.
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