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De nition of termsin order of appearance

3D
modelling

OOP
design pattern

actor
use case

API

OpenGL
Java

VR, virtual
reality
scene
b-spline

protein  docking
vertex

mesh

alpha helix
picking

level of detalil
stripifying

FPS
JVMP

Three-dimensional

Representingn entity in a 3D ervironmentsimulatingits
realworld appearancandbehaiour
Object-orientegorogramming

A reusablesolution modelto a well-de ned problemin a
context

Usersof thesystemhumaneor othersystems

A well-de ned and outlined functionality of the systemin
someway usefulto theactor

Application programmingnterface; software interfaceto a
systemusedby exterior systemsto communicatewith the
system

Open(3D) graphicsAPI
Platformindependenprogramminganguagedevelopedby
SunMicrosystemscorporation

Worldlike 3D computersimulation

Structuredepresentationf theworld of avirtual reality

A methodof creatinga smoothcurve with nite numberof
discretedatapoints

Two proteinmoleculesattachingto eachotherin a way al-
lowed by their chemicalattributes

A 3D vectorde ning apointin thevirtual world thatbelongs
to apolygonasoneof its corners
Polygonalrepresentationf a 3D objectmodel
Secondargtructureof aproteinmoleculein whichthelinear
sequencef aminoacidsis foldedinto aright-handedspiral
stabilizedby hydrogerbonds

Selectinga visual entity in the displayedsceneby clicking
onit with mouse

Compleity of displayedmodel. Abbreviated“LOD”.
Optimizationmethodfor polygonalobjectsto reducetheir
geometriccomplexity.

Frames-pesecond Measuremendf renderingate.

Java Virtual MachinePro ling Interface.



1 Intr oduction

Theintentionof thiswork is essentiallyto designandbuild adistinctively ef cient sys-
tem capableof real-timeanimationand manipulationof large amountsof molecular
data.A typical usagescenarianightbe simultaneouslisplayof multiple moleculeof

dozensof thousand®f atomseach.The amountof dataposesa problemfor memory
busestherenderingunitandtheprocessor(sperformingthetransformationatalcula-
tionsof themodels.Effort will betakenonovercomingthesehindrancesA productof

thiswork is a standalonenoleculaviewer/editorprogram(“system”)with integration
interfacesfor severalkindsof exterior systems.

Thework will be focusedon displayingproteinmoleculesn a 3D viewing erviron-
ment. Molecule structuresare readfrom different dataproviders suchas at les,
databaseandprocessingystemsandvisualizedonthe screeras3D meshstructures.
Different presentationainodelsmust be supportedto allow sufcient inspectionof
the model, including skeletal representatiomf the molecules atomicbondsandthe
secondanystructureof the proteinmoleculeasan alphahelix. For anillustrative de-
scriptionof proteins'helicalcharacteristicssee[1].

The designprocesf the systeminvolvestakinginto consideratiorthe following as
the systems mostimportantfeatures:

Ef ciency. Thesystemmustallow evencomplex modelsto beviewed uently,
usingary lighting/coloring/exturing modeldesiredoy theuser Loadingof data
mustnot take up incorvenientlylarge amountof time.

Scalability The computationawork doneby the systemmust be easily dis-
tributable.

Usability The averageenduserof the systemwill likely not have a technical
background.

1.1 Scopeof the Thesis

Thisresearctoffersawide rangeof subtopicsasbioinformaticsandgraphicalvisual-

izationrelatedto it arerathernen areasof study Existing molecularmodelingsoft-

warehave a wide rangeof featuredik e calculatingmoleculardockingreal-time(see
[2]). The systemimplementechere,though,will concentraten performingthe core

tasksin the mostefcient way available; otherexpansie tasksmay be implemented
asintegratedsystems.

Theviewing of the modelsis built asanvirtual reality (“VR”) [3] ervironment. This
meansallowing the userinteractand move in the “world" representedby the mod-
eleddata. Table1 (from [4]) introducesthe following de nitions for interactionand
movementin ageneralVR system:

In thiswork, amanipulatedobject” is amoleculemodelconsistingof separatatoms
or otherstructuredependingn the selectedvisualizationmodel. Togetherthe struc-
turesform arigid body (the molecule) thatmay be manipulatecaccordingto table 1.



camera object

translate | “y” aroundin world | grab& move object
rotate tilt world grabé& rotateobject
scale expand/shrinkworld | scaleobject

Tablel: Robinettetal.: virtual reality interactions

Similarly, camera(alsocalled'eye’ in this context) movementin the world is imple-
mentedaccordingto tablel.

As multiple moleculesandatomsaredisplayedsimultaneouslya correctimplementa-
tion of selectionof entitiesis required.Selectioncanbe madeeitherby picking single
molecule/atonor with adragtool allowing simultaneouselectiorof multiple entities.

Optimizationsto the systemmight include applying dynamiclevel-of-detail (LOD)
selectionfor objectsfar away from the camera. The lower LODs are calculateddy-
namicallyalongsidethe actualtop-level objects. Also objectcachingis implemented
to dramaticallyspeedup changingvisual representation.Structuralinformation for
differentrepresentationaypesarepre-calculatedipontheinitial loadingof themolec-
ular structure. To assuresmoothnessf animation,possibletwitchesare avoided by
runningthe garbagecollectorduring periodsin which the systemis atrestfor a suf-
cientamountof time.

Varioustechniquesor reducingmemoryconsumptiorof thedisplayedmodelswill be
tested. The way memoryis allocatedandusedplaysa greatrole in the performance
of the systemsinceit is implementedn the Java programminganguagewhich uses
automaticgarbagecollection. The systemis to remainresponsie regardlessof ary
concurrentbackgroundorocessing. This implies useof threadingfor ary laborious
calculations.

Becauseéhe systemis endusersoftware, usability issuesplay a signi cant role. This
thesisfocuseshowever, merelyon the performanceelatedaspect®f the systemand
thereforeusabilityissuesareoutsidethe scopeof this work.

1.2 Problem Statement

Themainobjective is to achieze optimal performancdor displayingmoleculardatain
large quantitiesthroughminimizing memoryusageand reducingrenderedgeometry
compleity bothstaticallyanddynamically

1.3 Structure of Thesis

The rst part of this thesisdescribeghe problemand relatedbackgroundnforma-
tion aswell asthe theory behindpossibleapproacheso solving the problem. The
rst partconsistof chaptersl through4. Chapterl introduceghe goalsof thework
andsetsboundariedor the scopeof the solution. Chapter2 presentghe generalas-
pectsby which the primary goalsof the work aremeasured Chapter3 discusseshe
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backgroundf bothbioinformaticsand3D renderingn adequateletailandexamines
existing solutionsto the problemdomain,whereaschapter4 provides moredetailed
inspectionof therelatedrenderingprinciples.

Thesecondartdiscussetheimplementatiorandprovidesresultanalysis Finally, the
work is concludedcandpossiblefuturework is consideredThe secondpartconsistsof
chapters through8. Thesystemervironment,designandoptimizationsarediscussed
in chapter5. Chapter6 is aboutthe analysisand testingervironment. It explains
theresultsandhow they arerelatedto the appliedoptimizations.Chapter7 includes
the conclusionaboutthe resultsof the work andhow the goalsweremet. Chapter8
presentsdeasfor futurework on the subject.
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2 Criteria

Thischaptedescribeshecriteriato beusedwhenevaluatingthequality of thesolution
answeringo the problemstatedin chapterl.2. Thesepointsare chosenasthe basis
for thedesignof the systenrequirementsaindde ne thedesiredgenerafunctionality

In additionto the things mentionedbelaw, this work shouldbe ableto suggesinewn
ideasfor ef cient moleculardatarepresentatiorgswell asattempto improve existing
methodsvia researchingheir possibleoptimizations.

2.1 Software usability aspects

Although this work — asstatedin chapterl.2 — doesnot considerusability issuesin
depth,the following pointsare mentionedhereasessentiafor good software design
andbecauseheresultingsoftwareproductis requiredto includethem.

Simplicity. The systemshouldbe intuitive to useregardlesof the background
of the persorusingit.

AppearanceTheuserinterfaceshouldbe pleasanto useandlook at. Computer
softwarethatis notappealingo look at normallyis notappealingo useeither

Inputdevicede ciency tolerance Controlandmanipulatiorof thevisualmodels
must be con gurable for exampleto allow full accesdo all transformational
functionalityimplementedy the systemwith a mousewith only two buttons.

Reactvity andrespongiity. The usageof the systemmustbe uent, meaning
thattheremustbe a responsdo userinput within reasonablysmall amountof
time.

2.2 Software technical aspects

Herearementionedthe technicalaspectselatedto the contet of this work andary
similar system.

Generality All sortsof differentvalid datamustbe displayedaccordingto the
samerules.

Performance.The systemmustactually be ableto offer assistancén the task
beingaccomplishedith it.

Scalability Theinput datawill be noticeablein quantity andthe systemmust
not lock up or rejectvirtually any amountof input - naturally limited by the
systenresources.

Faulttolerance As thesoftwarewill beintegratedinto alargersoftwaresystem,
it mustcontainno aws thatwill hinderor slow the executionof otherpartsof
the system. It mustalsobe ableto handleinvalid dataand userinput without
crashingor becomingunusable.

12



3 Background

This sectiongivesalittle insightto the backgroundf the subjectof this thesisandit
shouldoffer connectiorbetweerthis work andthe conceptof molecularmodeling. It
will alsoshav how thesolutionspresentedhererelateto the big picture.

3.1 Bioinformatics

“Bioinformatics is the scienceof usinginformationto undestandbiology” [5].

Biology asa sciences aboutexplorationof functionsandinteractionsof tissuesand
cellswithin anorganism.Thebiologistpracticingthatstudycollectandinterpretdata
to beableto understandheforcesbehindbiologicalphenomenaAs thetechnologyto
collectthebiologicaldatahasbeenevolving over the courseof yearsto the pointit is
attoday new datais beingcollectedway muchfasterthanit caneverbeinterpretecy
manuallyinspectingt. Therearevastarchivesof genomialdata.How arethescientists
torapidly nd thesuitableinformationfor agivencase™ow dothey predictthestruc-
tureandpropertief aproteinwithoutlong-termproces®f outliningits physicalfform
by hand?Thisis wherebioinformaticsstepsn. Althoughcommonlyusedto meanev-
erything wherea computerand biological dataare usedtogethey bioinformaticsis
consideredh subsef alarger eld calledcomputationabiology, bioinformaticses-
sentiallyanswergo questionsuchastheonespresente@dbove. Usualmethodsisedn
the eld arepatternrecognition variousstatisticaimethodsandrelationalanalysisfor
identifying genesanddetectingcharacteristipatternghatidentify genefamilies. An-
otherexampleis dataminingtoolsfor determiningoiochemicapropertief molecule
structuresAs thetoolsandmethodologycomefrom variousdifferentareassodo the
peopleusingthem: researchersometo bioinformaticsfrom mary elds, suchaslin-
guistics(patternrecognition),mathematicsand physics(transformingthe datainto a
representablenathematicaimodel)and computerscience(the low-level tier between
the othersandtheworld of computing).

Theinformationrelatingto the backgroundsf bioinformaticshasbeengatheredrom
booksBioinformaticsComputerSkillsby Gibas& JambecK5], Biochemistryby Lu-
bertStryeretal. [6] andMolecularCell Biology by Lodishetal. [1].

3.2 Molecular modeling and visualization

Theterm“molecularmodeling”includesmary things. In generaljt refersto explor-
ing the stateand conditionof a moleculeandits responseso externalstimulae. As
statedby Rzepd[7], this eld of scienceoftenalsogoesby suchnamesas“computa-
tional chemistry”,“computationaljuantumchemistry”and“theoreticalchemistry”. A
commonsub eld known ashomologymodeling[8] is in essencatechniqueof guess-
ing unknawvn partsof a molecularstructureby combiningthe sequencef a macro-
moleculewith a prede nedtemplateand estimatingthe characteristic®f the result.
Oneapproachis to apply classicaimechanicgheoryto simulatethe structureanddy-
namicsof themolecule.While the big pictureis approximatedy the classicaimodel,
a certainactive subsetof the atomsis studiedusingwith meansof quantumphysics
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to overcomethe shortcomingf the classicalmodel. A realisticallyworking model
is theneasilyreusabldor multiple differentapplicationspffering a costeffective and
efcient tool for molecularstudy A lesscomplex yet nonelessimportantor infor-
mative technologyis “molecularvisualization”,which, in a nutshell,signi es visually
representingmoleculamodel—usuallyasa 3D renderednodel—-to displayits phys-
ical form andstructure. Its purposeis graphicalvisualizationof a moleculein exact
simulatedervironments(ie. computeraidedconstructiorof modelsof realmolecules
moreaccurateghanthoseachiezed by realworld measuring).

Molecularvisualizationhasa long history expandingover thanhalf a century Origi-
nally — aswell astoday mostly— theleadpurposeof this branchof computerscience
wasto aid in discovery anddesignof new drugsfor the pharmaceuticahdustry The
practicesof simulating,modelingandvisualizingare powerful tools for a researcher
becausensigni cant datacanbe discardedautomaticallyaccordingto programmati-
cal rules. Also they sene asillustratve meansfor inspectingthe dataanddesigning
meaningfulandef cient productsfor a purpose.Over the courseof yearstherepre-
sentatiormodelsevolved from the early stick modelsto the variety of modelsin use
currently The rst visualizationson a computercamearoundin the'70s. Dueto the
lack of CPU capacitybackthen,theseolviously werent of real-timenature but ren-
deringsof staticmodels.Figurel shavs arenderingof a nucleotide-umoleculeasa
suchmodel.

Figurel: A staticball-and-stickrepresentatiomf the nucleotide-u. The imagewas
renderedvith MathMol [9].
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3.2.1 Detectingand characterizing molecules

In orderto deducethe function of a protein, it's three-dimensionatructuremustbe
known. Perhapshebest-knavn approacho thisis X-Raycrystallagraphy pioneered
by Max PerutzandJohnKendrav in 195096]. Thebasicprocedures to shootraysof
wavelengthshortenough-about0.1to 0.2 nm - to resol\e atomsthrougha crystalof
the proteinbeinginvestigatedThe crystalcausesayshitting atomsto scatterproduc-
ing a diffraction patternof discretespotsona Im. Interpretatiorof the 3D structure
of the proteinfrom the diffraction patternis a elaboratebut straightforvard process.
Figure2 displaysthe overall procesf using X-Ray crystallographyto examinethe
structureof a protein. Till date,over 8000 protein structureshave beendiscorered
usingthis method.

X-ray \{
source

Crystal

Diffracted

Detector
beams

(e.g., film)

Figure2: Basiccomponent®f an x-ray crystallographiadetermination.Imagefrom
Biochemistryby LubertStryeretal. [6]

3.2.2 Molecular reseach and applications

Moleculesand their propertiesare researchedby the sciencecommunityin various
waysandfor variouspurposes A researcheworking with developmentof new ma-

terialsusuallytakesa few standardsteps(overall processs shavn in gure 3). The

goalis to seekout the propertiesof the inspectedstructureandto nd waysfor the
nev materialto join or interactwith the existing one,andthereforethe physicaland
chemicalpropertiesof the materialhave a greatmeaning.Making two moleculegoin

is a procedurecalled moleculedoding, andtherearetools solely for the purposeof

nding moleculessuitablefor dockingwith oneanother Formingthe dockingcapa-
bilities of two moleculesnvolvescalculation,andsincea lot of it may be calculated,
asuchtool becomesnvaluable.

Searchfor easierand more generaltool applicationsand methodsfor characterizing
the three-dimensionastructureof proteinsis on the way. Onemajor goalis trying
to guesghe structurefrom the gathereddataby applyingcommonrulesknown about
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atomicbondsand proteinfolding. This would be a vastspeedupcomparedo time
consumingnethodssuchasX-Ray crystallographyor studyingimagescapturediusing
electronmicroscop [1]. Somevisionsalsocontainvirtual reality representationsf a
proteins structurewhereits activity would be simulatedfor the userto inspectirom a
rst persorview.

1 | Materials

Definition -~

l

Simulation - "| gws of Nature"

R

Figure3: Standardgrocessf researclihroughmoleculamodelingwithout the mate-
rials preparatiorstep. Imagefrom Molecular Modelingin UndeigraduateChemistry
Educationby Hehrenetal. [10].

In additionto materialstudy a newv andvastly growing areaof applianceof molecular
modelingtools is nanotechnology A conceptfamiliar to most peoplefrom movies

andsciencection novels, nanotechnologys becominga seriousandreal branchof

biological study asdiscussedn [11]. Nanomachineghe productof nanotechnology
aretiny molecularentities. They could be usedfor storingdata, medicinetransport
insidehumanbody, biologicalcomputerandsoon.

Moleculesof nanometricsizeandarecapableof accomplishinga certainwell de ned
taskarecallednanomachinesMoleculescapableof recognizingothermoleculesus-
ing their structuralinformationor forming larger moleculeswith othersmaybecalled
“intelligent molecules”or “molecularreceptors”. The sizerangefor a nanomachine
is 1 to 5 nm, whichis 10to 50 A (Angstrém),and somevhat larger thantraditional
molecules.Molecularmodelingtools areusedto designthesenanomachineandin-
telligentmoleculessothatthey would have desiredproperties|ike beingableto close
arounda smallermolecule(see gure 4).
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Figure4: A programmedntelligentmoleculeL formsa doublehelicalringlike struc-
turewith two Zn2+ions. Imagefrom Dominantrecessivdehaviorin the expression
of molecularinformation: Self-assemblgf maciocyclic architectues containingco-
ordinativelyunsatuatedligandsFuneriuetal. [12].

3.2.3 Existing solutions

Therearevariousexisting solutionsin the eld of molecularmodeling;herearedis-
cussedsomeof them.

RasMol[13] is a moleculevisualizationtool. The currentlyavailable versionof the
programhashbeendevelopedsince1995 by Rager Sayle andit hasbeenreleaseds
“public domain”. Thesoftwarehasbeenwrittenin the C languageandit compilesand
runson variousarchitecturesand operatingsystems.The programis ableto handle
mary coloringandvisualizationschemesandsomevhatde nesthe standardf real-
time moleculevisualizationsoftwaretoday

Protein Explorer [14], is a projectbasedon the original RasMolapplicationsource
codeandhasbeendevelopedsince1998. ProteinExploreris offeredasunsupported
freewvare. It offersmary new featuresuchaspolarity coloringandsurfacesn addition
to thoseimplementedalreadyin RasMolandit is supposedlynucheasieandintuitive
to use.Onthedownside,therearebuilds availableonly for Windows andMacintosh.

VRDD[2] is atool for inspectingdynamicdockingof molecules Thefeaturesnclude
interactve manipulationand docking of moleculesaidedby automaticdockingand
sidechainconformationakearching.The calculationsaredoneatrealtime. It boasts
of ahigh quality VR immersionmakingit suitablefor expertuse.

FastLead ldenti cation Protocol [15] developedby Accelrysis not a singletool or
pieceof softwareratherthanaproposeapproacho moleculardatamining. It attempts
to offer high throughputsolutionto the problemof identifying and optimizing the
structuredn structuredbaseddrug design. Its usesinclude nding the compoundsn
the proteinthatmay potentiallybind to the de ned “active site”, which is the desired
actionof adrug. Accelrysalsooffersawhole productline conformingto this proposed
standard.
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3.2.4 Moleculevisualization

Hereareexplainedthe four mostimportantvisualizationmodelsfor moleculesasim-
plementedy thecurrentsoftwareonthemarket. Eachmodels representate capabil-
ities arecomparedo their performanceas3D models.Also the possibleapplications
of eachmodelareconsideredNotethatadwvancedmnodelingsoftwareusuallycombine
the differentvisualizationmodels,displayingdifferent partsof the moleculewith a
differentvisualizationmodel.

Spacelll

Eachatomis modeledasa separatspherewith a radiusequalto the atom’s elemen-
tal Van der Waals radius. Van der Waalsinteractionis a weaknonspeci c attractve
forcethatpulls two atomstowardsoneanother Whentwo atomsareaffectedby this
force, they aresaidto be “within the Van der Waalsradiusfrom eachother”. When
two atomsarewithin this radiusfrom eachotherin the space Il model, their repre-
sentatie spheresdntersect,implying a bond betweenthe atoms. This is useful for
inspectingatomicbondswithin residuesSpace Il modelrequiresalot of polygonsto
berepresentedccuratelyenoughandthereforeit performsprettybadly

Ball-and-stick

A classicway of representingnoleculess ball-and-stick.The atomsarerepresented
asspheresaswith the space |l model,but their radiusis usuallyconstan{andsmall
enoughfor the spheresiot to intersect).Thebondsarerepresentewvith sticksor thin
cylinders. This modeldisplaysthe overall structurebetterthanspace |l model,andis
abit lighter. The sticksareusuallycoloredhalf way with the color of theatomin the
rst end,andtherestwith the color of theatomin theotherend.

Skeleton

No atomsarerepresented only the bonds. They areeitherrepresentedssticksor
thin cylinders,asin the ball-and-stickmodel. This modelis extremelyef cient, and
it givesgoodinsightto the formationof the molecularstructure.However, dueto its
lack of atoms spottingdifferentelementss dif cult.

Ribbon

Ribbonsrepresenthe secondarystructureof the molecule,usually by somespline-
basedapproximation.More on splinesandtheorybehindapplyingthemto represent
ribbonscanbe foundin section3.3.5. If the algorithmusedto createthe ribbon s
written well, the resultingribbon modelmay be highly ef cient to display because
trianglestripsmay be usedextensiely alongthe continuousgibbon. Figure5 displays
aribbonvisualization.

3.2.5 Coloring models

Therearesereraloptionsfor coloringthevisualmodelsin moleculamodeling,called
coloringschemegor models).Below arelistedthe mostcommononesandtheir ben-
ets.

CPK
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Figure5: Ribbondiagramdisplayinga nucleosomewith two DNA strands. Image
from MolecularCell Biology by Lodishetal. [1].

Theacrorym standdor Corey, Pauling,Koltun, afterits developers.Thiscolorscheme
wasusedin early physicalmodelsof moleculesandhasremainecda de factostandard
in the productsof theindustry The moleculein gure 1 hasbeenrenderecusingthe
CPK coloringmodel.

Temperature

Temperaturecoloring schemeusesa color for eachatom that is basedon value of

so called'crystallographictemperaturdactor’, which canbe extractedfrom the data
source. The RasMol[13] informationpagesexplain the valueasbeingroughly pro-

portionalto the meansquareamplitudeof atomic uctuationsin the crystal— crystal
refersto the structureof themolecule.
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Chain

Chaincoloring schemeassignsa speci ¢, uniquecolor to eachpolypeptidechainin
themolecule.Thecolorsarenotde ned by ary commonstandardratherthanchosen
sequentiallyasa new chainis addedo thescene.

Residue

In the Residuecoloringschemehemoleculeis coloredsothatsimilaraminoresidues
get assignedhe same,uniquecolor. As with the Chain coloring schemethereare
really nocommonstandardo the actualcolor selection.

Structure

In the Structue coloringschemehe partsin themoleculewith differentpropertieget
renderedn differentcolors: helicesin onecolor, sheetsn another regular turnsin
third andtherestin forth.

3.3 3D Rendering

This sectioncontainsbackgroundnformationof 3D renderingssuesn relationwith
the scopeof this work. Eachis introducedn adequateletailandtheirimportanceor
thiswork will beexplained.

3.3.1 Essentialconcepts

3D graphicstake greatadwantageof linear algebrain the form of matrix and vector
operations.Vectorsareusedto describelocations— thatis, the positionsof polygon
vertices for example— andmatricesto describethe transformations locationin one
spaceto another Transformatioroperationsncludescaling,translation rotationand
even perspectie projection. For varioustransformationrmatricesusedby OpenGL,
see[16]. For basicson matrices,vectorsandlinear algebra,referto [17]. Matrices
andvectorsusedin mathematicselatingto 3D graphicsare 4x4 and4x1 in dimen-
sion, respectrely. Multiple transformatiormatricescanbe combinedby multiplying
themtogether An OpenGLtermfor sucha combinationis matrix stak, which han-
dlesmultiplying thematricegogetherallowing e xible implementatiorof hierarchial
transformations.

Givenalocationvector andatransformatiomrmatrix
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Thetransformation would be calculatedasfollows:

Where isasocalledhomolgy component

After thepolygonaldatahasbeentranslatedo view space it mustbedravn onscreen.
Thisis whererasterizatiorstepsn. Rasterizatioomeandraversingtheedgesf apoly-

gon,dividing it into horizontal- or vertical- spansandthendraving themaccording
to the selectedexture andshadingmodelin respecto the Z buffer to determinethe

pixel visibility.

3.3.2 Transformation and lighting

While 3D hardwarevendorssuchasSilicon Graphicsstartedoy manugcturingchips
that only featured4-by-4 matrix multiplication — the renderingwas left to be done
on software— the PC 3D cardvendorsstartedfrom just the opposite. The rst non-

professionaBD hardwarefor the PC was3Dfx Voodoq introducedin 1996. It — like

all 3D cardsintroducedduring the following a coupleof years— requireda standard
traditional2D graphicscardbesidet to actuallydrav anything on screenTheVoodoo
cardfeaturedthefollowing functionality:

renderingresolution640x480at 16bpp
hardwarerasterizemwith bilinear Itering for textures

add-oncard;requireda 2D videocardfor representingheimage

The moderngraphicscardsfor the PC have Transformation& Lighting functionality
which, in a nutshell,meanshaving a dedicatechardvare for performing4x4 matrix
calculationdor ef cient processingf 3D transformationswhich all aresuchmatrix
operationsasshawvn in section3.3.1. As the numberof verticesin a sceneancreases,
sodoesthenumberof matrix multiplicationoperationsequiredto transformthescene
every frame. As this is a strenuousperation performingit on hardwareis essential
for large scenes.

ThemodernPC 3D graphicshoardsatthetime of writing this work feature:

Transformatior& Lighting

Largeamountg256MB) of internalDDR texture memory
Advancedvertex/pixel shaders

Built-in shadav volumerenderingacceleration

Fastfull sceneanti-aliasingandreal-timeanisotropicltering

Displacemenimapping
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3.3.3 Level-of-detail method

The level-of-detail(LOD) method[18] is analogougo mip-mappingin texture map-
ping context; it usesmary versionsof a polygonmodel,eachwith differentgeometric
compleity. As themodelgetscloserto thecameraa versionwith betterresolutionis

selected Whenthe modelgetsfurtheraway, onewith smallerresolutionmaybeused
withouttheusemoticingthedifference. Theselectiorof themodelversionis donedy-

namicallyin therenderingpipeline.In mostimplementationshe programmende nes
the borderdistancesvhereto switch to a lower resolutionmodel. This methodhas
greatadvantagesspeciallywhentherearemary similar modelsin the scene.When
amodelwith a low resolutioncanbe used,time is saved dueto the lower amountof

calculationgequiredto performtransformationgor the model.

A moreadwancedtopic is dynamicallyapplyinglevel-of-detailmethodto partsof the
polygonalmodel. Thetechniques calledadaptiveLOD asproposedy Xia etal. [19].
The mainideabehindis to dynamicallyimprove the quality of the polygonalmodel
whereit matters;thatis, the pointin the modelwherethereis a speculatighlight or
thepointwherethecamerds lookingat. Thisis doneby re-tesselatinghe polygonsof
themodelto improve the modelresolutionon someareasandto decreasé on others.
This way the total numberof polygonsmay remainratherlow while the rendered
imageof themodelis of very high quality.

3.3.4 Scenegraphs

“Scenegraphsare data structues usedto hierarchically organizeand manae the
contentsof spatially orientedscenedata’ [20].

Scenegraphsare a high level conceptusedto describethe scenein a 3D world in

a matterindependentrom the underlyingrenderinglayer The graphis a tree-like

structure DAG, directedacyclicgraph meaningt hasno loops— no nodehasanarc
upwardsin the tree— and a nodemay have mary parents. This allows for sharing
anodeat a high level. An operationon the scenegraphmay tamget the whole tree,
usingtheroot nodeasthe startingnode,or a subgraph.The graph(tree)containstwo

primarykindsof nodes,onesthatmayhave children(groupnodesjandonesthatmay
not (leaves). Becausehe scenegraphis independentrom the underlyingrendering
layer, high level authoringtools may be usedto designsophisticatedsceneausing
standardscenegraphprimitives. For asamplescenegraph,see gure 6.

A scenggraphis built of fundamentahodesthatmale up the tree-like structurefrom
the root to the leaves. Thereare mary variationsand corventionsfor namingand
orderingthe nodesfor Java3Dscenegraphshe mostimportantnodetypesare Virtu-
alUniverse whichis asceneggraphrootnodetype,BranchGroupandTransformGoup
which aregroupnodesmeaningthey may have child nodes,and Shape3DLight and
Behaviournodeswhich areleaf nodeswith no children. A VirtualUniverse nodede-
nes sceneggraphcharacteristicsuchasthe localeswhich areusedto hostcoordinate
systemdor the scene.BrandhGroup nodesare usedto containbranchesn the graph
tree— oneapplicationmight be to usethemfor separating/isual objectsfrom invis-
ible nodessuchasbehaior andlight nodes. TransformGoup nodesrepresent 3D
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Figure6: Samplescenegraphfrom [20].

transformatiorwhichis appliedto all thenodesn thesubtree®f the TransformGoup
node. A Shape3Dnhoderepresenta visual object,whereasa Light noderepresents
light source.Behaviournodesareusedto addinteractionfunctionalityin the system
andto controltherestof thenodeswith, for example,atimer objector by listeningto

userinput.

3.3.5 Splinesand parametric surfaces

Splines[21] — alongsideother parametriccurve methods— are usedextensvely in
computergraphicsfor representationf smoothcurvesandsurfacesinsteadof polyg-
onal meshes.Alternatively they canbe usedto createpolygonalsurfaceson-the-y
to achieve morerealisticmodels.A goodexampleis in renderingrealisticterrain;the
landscapéendsto have randomyet consistenform andthis is anidealtamgetfor use
of theparametricsurfaces.An excellentsourceof informationon mathematicatepre-
sentation®of natureandterrainis The Fractal Geometryof Nature [22] by BenoitB.
Mandelbrot.

Hermitesplines(see gure 7) — namedaftera FrenchmathematiciatCharlesHermite
— areeasyto implementand mostmolecularmodelingsoftwaretendto usethemas
approximationgor ribbonvisualizations.Theoreticallythey are“interpolating piece-
wisecubic polynomialwith speci edtangentat ead contol point” [23]. This makes
themidealfor approximatinghe peptideplaneof the proteins'secondargtructure as
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explainedin Algorithmfor ribbon modelsof proteinsby Carsonet al. [24]. Figure7
displaysthe constructiorof aHermitespline.

P(k)

P(u) = (x(u), y(u), z(u))

P(k+1)

Figure7: Parametridunctionfor aHermitespline.

3.3.6 Triangle strips and Stripi cation

Stripi cation is a procesf trying to rearrangegolygonaldatain sucha way the ad-
jacentpolygonscould be representedstriangle stripsinsteadof their more complex
form, thussaving vertices. The input for the algorithmis a polygonalsurfacemodel,
whosesetof polygonalfacetsrepresentshe polygonsmaking up the visual object.
Eachfacet— polygon— is representedby a setof points,de ned in a circular order
The outputof the algorithmis anothersetof polygons,whereall the polygonsare
trianglesand shareas mary adjacentverticesas possible. As Estlowski et al. [25]
shaws, thisis a NP-completgroblem.

3.4 Software designmethods

This sectionbrie y considerssoftware designmethodscommonlyusedin software
architecturadesignandconsidersow they canbeappliedto the building procesof a
molecularvisualizationsystem.

3.4.1 Designpatterns

A software designpattern[26] is a descriptionof a commonproblemin software
architectureandageneralizedolutionto theproblem.Theproblemis onethatrepeats
itself by the coreprinciplesover andover in all softwaredesign.The termoriginally
camefrom architecturaldesignof buildings; how onewould, for example, build a
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staircasagiven a speci ¢ form of theroom. The analogyto object-orientedsoftware
engineerings easilyrecognizableApplying designpatterngo solve asoftwaredesign
obstacleresultsin easilyunderstandablarchitectureasthe solutionis well knowvn by
the othermembersof the software engineeringcommunity Also the programcode
produceds proneto beinglessbuggyandto functionin a stabilemanner

As an exampleof likely patternusagein a molecularvisualizationsystem,Factory
Methodpatternis mentioned.As thereare mary kinds of atomsin a moleculewith
very distinct physicaland chemicalpropertiesdifferentkinds of classeswith certain
hierarchymight be used. Still, all the differentkinds of atomsareinstantiatedrom
the sameocationin the program- probablysomekind of loadermodulethathandles
interpretingtheinputdatainto adatastructureghatrepresentthemolecule.Theloader
moduledoesnot know or carewhatkind of anatomobjectgetsinstantiatederinput
datatoken—neitherdoegtheroutinethataddsthenew atominto theexistingdatastruc-
ture. Therefordt is gooddesignto usea methodthatproducesatomobjects,nternally
interpretingtheinput values decidingthe type of the resultingatom,instantiatingthe
atomand nally returningthe atomasan anorymousinstanceof a baseclassfor all
atomsin thesystem.This kind of amethodwould be known asa Factory Method

Anotherwidely useddesignpatternis the Singletonpattern. It's intentis to “ensure
a classonly hasoneinstance and to provide a global point of accesgo it” [26].
Themotivationfor thisis to save resourcesind CPUtime by only having to initialize
the instanceonce. The Singletonclassmanageshe initialization of the instanceand
makessureit is available. Typical Singletonsareheary le or communicationgro-
tocol parserswith mary con gurational propertiesand otherallocatedresourcesfor
example.

3.4.2 UML and Usecases

Uni ed ModelingLanguaye (UML) [27] is awidely useddesignapproactto software
systems.As a modelinglanguageit is moreof a designtool thana concretemethod
of creatingsoftware — althoughmary UML software include codegeneratiorfunc-

tionality. UML is a graphicalway to expressdesignchoicesandlay out architectural
issuesin a standardvay. It featuresmary typesof diagramssuchasthe interaction

diagram, package diagram, classdiagramandusecasediagrams Therearetwo kinds

of interactiondiagrams:sequenceliagramshataremeantto shav the chainof invo-

cationswhenan usecaseis being progressedand collaborationdiagramsthat more
concretelyshav the interactionbetweenobjects. Probablythe mostcommonlyused
aretheclassdiagramandthe usecasediagram.The classdiagramis usedto illustrate
the architectureof the systemandthe relationshipf the participatingclasses.Use
casesreusedto isolatesequencesf importantuseractionsto de ne functionality of

software. Theusecasediagramdisplaysthe usecasesn amannetthatbringsouttheir

relationshipsand possibleusers,calledactors. “A usecaseis a namedsequencef

actionsan actor can do with the system.Ead taskor functionthe usercan perform
onthesystems describedasa usecase [28].
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4 Theory of related3D rendering principles

This sectiondiscusseshe techniquesusedin the processof representingnolecules
as 3D models,as well asthe basicprinciplesof real-time3D renderingrelating to

the topic. Methodsof approximatinghe physicalform of the moleculestructureare
suggestednddescribedn reasonabléetail. It alsopresentsomeconclusionsabout
therelatedtechniguesAlternative approachearecomparedandtheir areasof usage
inspectedMost 3D renderingsystemshave two mainrequirementsor theimplemen-
tation: to beableto representhe dataascloseto theintendedappearancaspossible
— usuallythis “intendedappearanceimplies photorealistiamaging— andto be able
to accomplishthis as ef ciently aspossible,enablingsmoothanimationof the data
modelbeinginspected. Achieving thesegoalsincreasesisability of the softwareand

addto the informative value of the output,improving the value of the softnareasa

modelingtool.

Sectiord.1givesrobustoverallinsightto thetheorybehindthevariousrenderingprin-

ciplesessentiafor amoleculamodelingsoftwaresystento implement;t explainsthe

conceptsaindtheir eld of usage Sectiord.2describeshemethodologybehindselect-
ing visualobjectsfrom thedisplayedmodelprogrammaticallypossiblewith guidance
from agiveninputdevice. Sectiond.3lists themostcommonpracticedo assigncolor

andothervisual propertiesdo a polygonalobjectsurface. Finally, section4.4 focuses
on the variouswaysto representlatain a molecularmodelingervironmentusingthe
techniquesxplainedin sectiord.1.

4.1 Rendering principles

Being ableto createan informative and illustrative visualizationof ary 3D model,
severalaspectsnustbe considered:

Polygonalobjects polygonrasterization

Lighting andshadavs

Visualobjectselection(“picking”)

Coloringandmaterialof objects
As 3D graphicsrenderingis a vastsubject,mary essentiathingsareleft out of con-
siderationdueto the limited scopeof this work; also,they have no practicalmeaning
hereandarejust consideredo “be there” whenneededdy the system. Thesemight

includetopicssuchasinputandoutputdevices,renderingpipeline,clipping,rendering
algorithmsandregularnon-renderingelatedoptimizations.

4.1.1 Polygonalrepresentationof visual objects

Visualobjectsin 3D systemsareusuallyrepresentedly polygonalmeshesonsisting
of trianglesthat malke up the form of the object. More complex (convex) polygons
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maytypically be de ned, but at somepoint they usuallygetbrokendown to triangles
asthey areeasierandfasterto renderthangeneralpolygons. Eachpolygonconsists
of verticesthatde ne thecornersof the polygon. Theverticesfor a polygonaremost
oftende ned in alist-like mannerfor goodaccessibility Eachvertex is essentiallya
vectorde ning alocationin a 3D spaceusuallywithin the objectspace.The whole
objectthenhaslocationinformationin its transformatiormatrix asthe translational
component. For more discussionabout polygonalobject representatioibasics,see
section3.3.1. Alternative methodfor creatinga visual objectin additionto polygon
meshesgs the useof parametricsurfaceqseesection3.3.5)whoseform is calculated
in realtime from a given parametrizegquation.

4.1.2 lllumination models

This sectiondiscusseshe basicsandbackgroundf illumination model- oftencalled
the lighting model— relatedto molecularmodeling applications. OpenGL,asthe
industry standardor 3D rendering,de nes an illumination model derived from the
Phong[23] genericillumination model. This illumination modelis usedin most3D
renderingapplications Figure8 illustratesthe Phongillumination model.

V N

Figure8: Re ection geometryin the OpenGLillumination model. The vectorsrepre-
sentingthere ection geometryareexplainedin table?2.

Thetotal intensityof thelight is calculatedoy thefollowing equation:

(1)

An illumination modelprovidesthe calculationof the effect of lighting appliedto a
surfacewith given visual properties,whenthe direction of the lights aswell asthe
viewing directionis known. With thisinformationit is possibleto determingheactual
color for a given pointin the polygon. As calculatingthis exactvaluefor every pixel

in theresultingpolygonin realtime would beimpossiblecertainshadingmodelshave

beendevelopedto approximatethe color valuesfor the whole polygon using faster
methods.The standardgshadingnodelsarediscussedn sectiord.1.3.

27



Symbol | Description

Total intensity

Ambientre ectivity of surface
Intensityof ambientlight
Numberof light sources
Intensityof light

Diffusere ectivity of surface
Directionof light
Surfacenormal

Speculare ectivity of surface
Re ectiondirection
Phongcoefcient (controlsthe“shininess”of surface)

Table2: Explanationfor symbolsin equationl

4.1.3 Shadingmodels

A shadingmodel[23] is analgorithmicmodelfor decidingthe coloring valuesused
for renderinga spanof pixelsonapolygonof a 3D world structureje. avisualobject.
Thereare variouscommonshadingmodelswith different propertieswhat comesto
renderingef ciency, generalityandrealism.

Thesimplestshadingnodelsarethe at andLambertmodels.The at modelis named
afterthefactthatit discardsall lighting information;the colorsassignedo eachvertex
(or thetexture assignedo the surface)dictatethe coloring for the entirepolygon.The
Lambertmodeladdsto the at modelin thatit considerdight sourcesTheillumina-
tion modelis appliedonceper suriace,usingthe polygons surfacenormalto decide
the directionof the entiresurface. The polygonis thenrenderedn this unisoncolor.
Thesemodelsnaturallyperformwell asthe numberof lighting calculationds low.

ThemoreadwancedshadingnodelsncludeGouraudandPhongmodels.Bothof them
interpolativeshadingmethodsithey interpolatetheir shadingcoefcients throughout
the polygon, producingsmoothcolor transitions. The Gouraud model appliesthe
illumination modelto calculatecolor for eachof the verticesof the polygonandthen
directly interpolatesthe color value betweenthe vertices. This producesquite nice

lighting, but requiresahigh polygonalresolutionif speculahighlightsaredesired.The

Phongmodelprovidesa far morerealisticsolution: it interpolateghe vertex normal
vectorsover the polygonandcalculateghe color valueevery  pixels, interpolating
the color valuein Gouraud shadingfashionbetweenthe pointswherethereal values
getcalculatedIn non-real-timesnvironmentsor with special.ef cient hardware,it is

possibleto discardthe optimizationandcalculatethe color valuefor every pixel —this

will bethe standardf hardwareshadersn afew years.Traditionally Phongshading
hasnotbeenusedperpixel asthecolorcalculationinvolvesasquargootoperatiorand

is highly time consumingWith thePhongmodel,speculahighlightscanbe produced
within asinglepolygon.

BecauseOpenGLdoesnot — andthereforeJava3D neither— supportPhongshading,
Gouraudshadings used.Thisimpliesthathigh tesselatiorof the polygonalmeshob-
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jectis requiredto getdecentspeculahighlighting. Sincethisis notpossibledueto the
performancelropdueto theincreasedjeometriadetail,a compromisenustbefound.
A reasonablérade-of betweergeometricdetail and performances to omit specular
highlights— modeledmolecularstructuresieednot be“shiny”. For comparisorof the
threeshadingmodels see gure 9.

Figure9: A classicduckmodelwith a) Lambertb) Gouraudandc) Phongshading.

4.2 Obiject selectionby picking

The function and mostimportantapplicationof objectpicking [29] in regardto this
work andary 3D userinterfacewith interactve functionalityrequirementss selecting
avisual artifact from the screenwith the mouse.Whenthe userclicks on the screen
wishing to selectan object,the pointin the screerplanewherethe click occurred,is
recorded.The point is thenintroducedto the 3D world space assigningt a Z coor
dinateequalto the nearclipping plane. Thena“ray” is castfrom the camergposition
—which lies somavhatbehindthe clipping plane,amountof differencedependinghe
eld of vision value used— andthroughthe point into the world space. Theray is
checled for intersectionsvith polygons,andthe nearesintersectingoolygonis then
selectedasthe result of the picking operation. If selectingobjectsratherthan sin-
gle polygonsiit is a trivial operationto decideto which objectthe selectedpolygon
belonggo by inspectingheobjects polygonlists. In someimplementationshe poly-
gonsmight even have a referencdo their parentingobject,speedingip the operation
signi cantly.

4.3 Object coloring and materials

Pervertex coloringgivesthemodelemorecontrolovertheway in whichthemodelis
colored.Thedownsideto thisis thatpervertex coloringis — in mostimplementations
— somevhat slower than using per object material attributes and most optimization
guidesdisencouragéneuseof pervertex coloring,especiallyfor objectsof large geo-
metriccompleity. However this techniques essentiafor molecularmodelingwhere
it is often requiredto preciselyassigna certaincolor to certainpartsof the object,
for examplewhenrepresentinghe modelasa combinationof multiple distinctamino
acidresiduegfor defactostandardnodelcoloringtechniquesn molecularmodeling,
seesection3.2.5). Pervertex coloring may be usedtogethemwith materialcoloringto
achieve, for example ,speculahighlightingandshininesgpropertiesrom the material,
but still usingtheassignedrertex colorsasthe actualbasecoloringfor polygons.
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Using materialbasedcoloringimplies creatinga commonbundle of visual attributes
(“Appearancein mostcontets) thatde nesthe ambient,diffuseandspecularcolor
ing componentsaind shininessvaluesfor the surface. Otherattributesmight include
transpareng diffractivity andre ectivity of the surface. Using materialbasedcolor
ing is easyto implementasthe numberof polygonsin the objectis of noconcern.The
dravback to this methodis naturally that the object coloredwith the samematerial
mustbe consisteneand simple. While natureprovides mary objectsthat conformto
this restriction— fruits, for example— man-madeobjectssuchastools or machinery
rarely do. Using materialcoloring is usually more ef cient performancewise than
usingpervertex coloring.

4.4 Visualization methods

This sectiondescribeghe optionsin selectingvisual representationfor molecular
data. Sincethe “real world” form of the structuresare continuoussurfacesandthe
computerizednodelmustbe constructedf polygonaldata— triangles,in practice—
methodsof samplingthe original dataare needed. The selectionbetweendifferent
possibilitiesis basedon the accurag of the approximationaswell asthe ef ciency
(size)of theresultingmodel.

4.4.1 Spheres

Being ableto efciently renderspheredss essentiato molecularmodelingbecause
the one of the mostimportantvisualizationmodelsis “space II” (seechapter3.2.4),
onewhereeachatomis representethy a sphereof a radiusspeci ¢ to eachelement.
As thereare often mary thousandf atomsin modeledmolecules,the numberof
verticesandpolygonsmustremainadequatelysmallfor the rendereito achiere good
performance.

Polygonalspheresare constructedby somemethodthat estimateshe surface of a
sphereby triangles.Java3Dincludesallibrary classthatcontaina methodfor creating
spheres.The methodcreategadial spansof triangles. The resultlooks awful with

smallgeometriadetailbut optimizeswell — seeStripifying in section3.3.6— producing
avery low numberof vertices.

A methodbettersuitedfor this work for creatingspheresvas adapted. It involves
recursvely substitutingtriangleswith 4 smallertrianglesconstructedoy creating3
new points at the midpointsof eachedgeof the original triangle, translatingthose
pointsto the unit distanceof the origin (the surfaceof the unit sphere)andforming 4
new triangles. Theinitial structureis an octahedrorde ned by verticesat (-1, 0, 0),
(12,0,0),(0,-1,0),(0,1,0),(0,0,-1)and(0, 0, 1). Thismethodresultsin symmetric
objectsthat are simple and ef cient to reduce(seesection5.6.1) by clipping them
againstother objects. Below areimagesof spheresreatedusingthis method,with
1, 2, 3, 4 and5 levels of substitution resultingin geometriccompleity presentedn
table3. Theresultingobjecthave beenstripi ed (seesectionsection3.3.6)usingthe
Java3Dutility classcom.sun.j3d.utilsgpmetryStripi er.

For moleculacmodelingpurposesusingGouraudshadedsphereof subdvision level
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subdivision | number of triangles number of vertices
level

1 8 24

2 32 42

3 128 150

4 512 558

5 2048 2142

Table3: Geometriccompleities of spheregreatedoy trianglesubstitution.

3is sufcient. NaturallydynamicLOD techniquecould be appliedto achiese better
looking surfaces,but this is unnecessargueto missingspecularhighlights (section

4.1.2).

Figure 10: Flat shadedsphereswith transparentboundingsphereof unit radius.
Spheresreatedy recursve trianglesubstitution.

Figurell: GouraucshadedpheresSpheresreatedy recursve trianglesubstitution.
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Jara3D -style spheresare constructedy creatingradial triangle spansover the sur
faceof the triangle. The resultis terrible with small geometriclevel, but improves
hastily whenincreasingthe numberof triangles. This methodallows for optimized
polygonstructure reducingthe numberof verticesneededdramatically The objectis
not symmetric,and optimizationby removing geometrywhenclipping breaksdown
thetrianglestrips. Thegeometriccompleity for this modelis presentedh table4.

number of | number of triangles number of vertices
divisions

4 32 40

8 128 144

12 288 312

16 512 544

32 2048 2112

Table4: Geometriccompleities of spheresreateddy the Java3D's utility classes.

Figure 12: Flat shadedsphereswith transparentboundingsphereof unit radius.
Spheresreatedoy Jasa3D utility classes.

Figure13: GouraudshadedspheresSpheregreatedby Java3D utility classes.
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4.4.2 Arbitrary surfaces

The models secondarystructureis representety a “ribbon” model,which is anar

bitrary surface (for accuratedescriptionof ribbonsrepresentedby splines,seesec-
tion 3.3.5which discusseparametricsurfacesin moredetail)thatis representetly a
spline. Figure5 displaysa parametricsurface— a spline“ribbon” — usedstaticallyin

constructinga polygonalvisualmodel.

4.4.3 Lines

Simplelines canbe usedfor ef ciency in SkeletonandBall-and-stick(for de nitions
seesection3.2.4) visualizationmodels. The line arraysare very fastto renderand
yet offer an expressie way to visualizeelementalbondingin molecules. This type
of visualizationis, in mostcontet, referredto asa wireframemodelbecausef its
resemblancéo awire form.

4.5 Renderingchallengesn relation to ef ciency

This sectiontakeslook at performancechallengesn a large scalerenderingsystem.
Sectiord.5.1considersnemoryusageandits impactonrenderingspeecnthecurrent
3D hardware.Sectiord.5.2brie y examinescommongeometryreductiontactics.

4.5.1 Memory usageconsiderations

Thememoryusagdssuein modern3D renderings twofold; allocationof large mem-
ory areagesultsin performancehits dueto cachemissesandswap usage andusing
large memory buffers — with large textures, for example— Ils the machines data
bus. Theseaspectshave traditionally beendealtwith brute force solutionssuchas
purchasindarge-capacityRAM chipsandgraphicsboardswith wider datarateinter-
facesoffering large bandwidths.As this trendcannotcontinuelimitlessly, alternatve
solutionsmust be found. One suchsolutionis tile basedrenderingas proposedoy
[30]. Theideabehindthetechnologyis simply to usedisplaylists to divide thescene
into smallregionsthatcanberenderedndependentlyallowing therenderinghardvware
ignoredepthchecksfor otherpartsof the sceneat thetime, saving in accesgimesin
communicatiorwith theexternalmemoryandwaiting for theZ buffer. Also asthevis-
ible surfacetestsareperformedn the rst passgliminatingredundantexturememory
reads.Theseandotherbene tsof tile basedenderingsave alargeamountof trafc on
the databus. Still, in the endoptimizationssuchasthis canonly assist- not actually
solve theproblem;it is upto systemdesignergo dotheir partin selectingexturesizes
andmodelcompleities appropriatelyin orderto avoid lling upthebus.

4.5.2 Geometryreductionapproaches

As transformingevenasinglepolygonin a polygonalmodelis a strenuou®peration,
transformingmodelswith thousand®f polygons uently requireshugeamountsof
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computationapower. As thereusuallyaremary objectsin the sceneandobjecttrans-
formationisn't theonly thingthatrequiresCPUtime, it maynotbepossiblgo usehigh

resolutionmodelsin a systemwherereal-timenesgropertyis required.Thereforethe

geometryof the visual objectmustbe reduced.As the reductionprocessshouldalter

thevisualappearancef the objectsaslittle aspossible thereductionalgorithmmust
becarefullyselectedOneapproachs to usestripi cation (seesection3.3.6)thatcom-

binesadjacenpolygonsinto trianglestripswithout changingthe physicalform of the

objectatall. Anotheris inspectingthe modelandremoving polygonsthatwill never

be visible — thatare,for example,inside otherobjects— given limited movementsof

the camera(collision detectionwith solid surfacesto disallov enteringinside solid

constructs).Third and more complicatedis actually calculatinga nev modelto ap-

proximatethe old model,with a lower polygoncountthanthe original. This is done
by nding setsof polygonsthatmaybeomittedand/orcombinedwithoutasigni cant

visible changen theappearancef themodel. An exampleof asuchsoftwarepackage
is VizUp [31] which is a advancedcommercialproductfor 3D datageometryreduc-
tion. Softwaresuchasthis canbe usedto createmultiple versionsof a visualmodel
to be usedasdifferentstagedsn a level-of-detailswitch. For closerinspectionon the

level-of-detailmethodseesection3.3.3.
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5 Implementation

Theimplementatiorpartof this work wasto write a software productthatvisualizes
moleculardataby representinghemin variousde facto standardvisualizationmod-

els. Aside from the standardaspect®of software developmentsthe maingoalwasto

achieze good systemperformanceby applyingthe technicalapproachestudiedand
developedfor thiswork.

5.1 Environment

This sectionexplainsthe ervironmentwherethe software productof this work was
writtenandintendedo berunin. It shouldgive insightto developmendecisiongaken
in selectinghardware,operatingsystemandprogramminganguageusedto program
the product. It will alsodescribethe minimum hardware/ software requirementgor

the softwareto run, aswell asrecommendedon guration.

5.1.1 Programming language

The systemis developedin the Java programminganguage.By the time of writing
this paper the latestversionof Java2 Standad Edition — the core Java libraries— is
1.4.2 0lcoreand1.3.1Java3D API [32]. Java3D usesOpenGL[16] to accesshe
underlyinglow-level acceleratedyraphicssystem. Hereis representedhe solution
implementedasthe productof this work. Java wasselectechecausef the following
reasons:

The systemwhosepartthe visualizationsoftwarewasgoingto be, is writtenin
Java

Java hasbecometo offer adequateperformancewith the Hotspotvirtual ma-
chinesthatcompilethe Java bytecodeon-the- y into natve machinecode

Java3D's developments rapidandit hasall the functionalityrequiredto imple-
mentthe system.Thereis no needfor low level hardwareaccessuchasstencil
buffer.

Platformindependenceasa dominantfactorasthe enduserprogramwill be
ranon multiple differentmachinesindermary differentoperatingsystem

5.1.2 Systemrequirements

Thesystenrequiresafew softwarelibrariesto beinstalledto run—namelyJava Stan-
dardEditionandJava3D.Also eitheravalid DirectX or OpenGLIow level driver must
bepresentIn additionto this, thereis no specialrequirementsgor theunderlyingsys-
tem. The Java librariescanbe foundfor mary existing operationssystemsandhard-
ware,andthosemachinesarethereforeableto automaticallyrun the viewer software.
A hardwaregraphicsaccelerators stronglyrecommendedglthoughno required.
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Minimum systenrequirements:

Java StandarcEdition & Java3Dlibraries
DirectX or OpenGLIlow level driver present
128MB RAM

400MHzx86 CPU or oneof similar performance
Recommendedystenrequirements:

latestJava, DirectX & OpenGLlibraries
512MB RAM
A hardwaregraphicsacceleratowith Transformatior& Lighting capabilities

Mousewith 3 buttons

5.2 Auxiliary programs

Thetestingand analysisof the software productrequireda numberof supplemental
modulesandexternalprogramdgo bewritten. They aredescribedn detailhere.

FPSCounter. anutility classto calculatetheframes-pesecondvaluefor mea-
suringtheviewer performancef essentiabperationsuchasrotatingtheviewed
model.

SphereCoordinates anutility classfor creatingsphericapolygoncoordinates.
The modulealsoincludesthe polygonreductioncodefor cuttingatommodels
againsteachotherin the space Il model.

SplineKnot: modulefor representing knot unit in a Hermitespline. It is used
for creatingthe splinerepresentatioof aribbonmodel.

FPSTest externalstandalongestingprogramfor rotatinga 3D modelatacon-
stantrate,measuringt's performance.

GeometryDemo externalstandalongrogramfor demonstratinghe geometry
reductionfunctionalityin thespace Il model.

mprof: alightweightpro ling library conformingto the JVMPI interfacefor
performanceneasurements.
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5.3 Supported visualization models

This sectiondescribesn somedetail the four visualizationmodelsimplementedoy
thiswork andthe reasonavhy they werechosenFor descriptionaboutthe properties
of thedifferentvisualizationmodelsseesection3.2.4.

Also thereis possibility to mix multiple visualizationmodesto highlight properties
of different partsthe molecule;while the backboneof the moleculemight be best
visualizedasa helical ribbon displayingthe molecule$ secondanstructure,it could

besufcient to displaytherestof themoleculewith theskeletonmodelonly, displaying
theatombondsthatmale up the outerstructureof the molecule.

Figurel4: Screenshadf thevisualizationsoftwaredisplayinga deoxyribonucleiacid
molecule. The modelhas4 chains(A throughD), of which A andC arevisualized
with thespace Il visualizationmodelandB andD with the ball-and-stickmodel. The
coloringmodelusedis Residue

Thespace I, ball-and-sti& andskeletonmodelseachillustratethe positionsof single
atomsandtheir relationsto otheratoms.While space Il modeldoesthis by providing
overlappingspheresf large volume with radiusesequalto the atom's characteristic
Van der Waals radiusthey representthe ball-and-sti& andskeletonmodelsempha-
sizethe wireframe-lile structureof the moleculeandthe atombonding. The greatest
advantageof the skeletonmodelis thatit is fastto render allowing hugemodelsto
beinspectedvith a decentframerate. Figure 14 displaysa screenshoof the system,
usingthe space Il andball-and-sti& visualizationmodelsfor renderinga molecule.
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Theribbon modeldisplaysthe molecules secondargtructureasthin curve- tted rib-

bons. The continuousibbonrepresentshe peptideplanesof aresiduechain tted to

the curve of the molecules backbone.The methodof discovering the peptideplanes
is explainedby Carson& Bugg[24]. Theribbonmodelis essentiafor discaveringthe
secondartructureof a proteinmoleculeandhenceimplementedy this system.

5.4 Not supported visualization models

Therearenumeroustherdefactostandardiisualizationmodelsmplementedy sim-
ilar existing software in additionto the onesmentionedn section5.3. This section
examinessomeof the mostcommonlyusedof themandthe reasonavhy they were
notimplementedn this work. For thiswe'll considerthe visualizationmodelsimple-
mentedby RasMol[13], sinceit hassetmary standard$or molecularvisualization
softwareasit hasbeenaroundiongerthanalmostary othersimilar solution.

Cartoonis a popularmodelfor visualizingmoleculardatafor presentationandpro-
motionimaging.In essencé¢he cartoonmodelis athick ribbon,thatoptionallyhasan
arravheadto mark the C-termini of beta-sheetsFor detailson beta-sheetand sim-
ilar propertiesof the molecularstructure,referto Biochemistryby Stryeret al. [6].
Cartoonmodelsdo not addmuchinformationalvalue (exceptthe highlighting of the
beta-sheetsindthereforewereleft out of this implementation.Dotsis a modelvery
similar to space Il in thatit visualizesthe atomsby creatinga dot surfaceat the Van
derWaalsradiusfrom theatomcentey thusaddingonly little or noneillustrative capa-
bilities. The samegoesfor HBondsand SSBondsnodels thathighlight the hydrogen
bondsor disul de bridgesof the protein moleculewith dottedlines or cylinders—
thereis really little differenceto usingskeletonor ball-and-stik modelswith selectve
highlighting.

5.5 Design

The designprocesf this work follows standardapproacheto objectorientedanal-
ysis consideringfunctionaland performanceaspectsas suggestedy Champeawset
al. [33]. The goalsare metiteratvely with customerfeedbackusedas input after
eachiterationto correctthedirectionof developmento bettermatchtherequirements
change®f thecustomer

5.5.1 Classdiagram

This sectionpresentghe classdiagramusedas the architecturefor this work. The
motivation for using classdiagramsfor illustrating systemdesigncan be found in

section3.4.2. The core structureof the systemis illustratedin gure 15 asa class
diagramcontainingthe mostimportantclasses.The completeclassdiagramcanbe
foundin AppendixA.
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Figurel5: Simpli ed classdiagramof the systemarchitecture.

5.5.2 Usecases

Exampleof usecasesn renderingsoftware,for instancejnclude“transformmodel”,
“apply lighting”, “modify materialof model”’andsoon. Thissectiondescribesheuse
casesmplementedn this systemin detail. The usecasesarelabeledUC_XX, where

XX is arunningnumber They arelaterreferencedy thatidenti er. Figurel6isthe
usecasediagram[27] for thesystem.
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Figurel6: Usecaseof themoleculeviewer system

UC_01:import data

This usecasedescribeghe processf the actorpromptingthe systemto opena data
source—typically a at le suchasa PDB archive or a proteindatabasentry— and
readinput datain orderto view themodelit represents.

ACTOR: Systemuseror anexternalsystem
PRECONDITIONS: -
PRIMARY PATH: 1. Thesystemopenghedatasource.

2. Thesystemconstructsamodelout of the data.

3. Thesystensetsit astheactive, viewed model.
ALTERNATEPATH: 2. The systemencountersan error openingthe dataor con-

structingthemodel.

3. An errormessagés relayedto theactor
POSTCONDITIONS Inputdatahasbeenimportedinto amodel.
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UC_02: export data

This usecasedescribeghe processf the actorpromptingthe systemto opena out-
put taiget — typically a proteindatabasentry or anintermediatele formatfor data
exchangebetweersubsystems andwrite the datato.

ACTOR: Systemuseror anexternalsystem
PRECONDITIONS:  Thereis anactie viewedmodel.
PRIMARY PATH: 1. The systemopenshe outputtarget.

2. The systemwritesthe datain the selectedormat.
POSTCONDITIONS  Outputdatahasbeenwritten.

UC_03: transform model

This usecasedescribeghe processof the actorinteractvely transformingthe active
viewedmodel.An inputdevice (mousekeyboard)is usedo controlthetransformation
method(scale,translation transformationandamountof transformation.The input
device's effect (differentmousebuttons,keyboardarrons) dependsn the con gured
settings.

ACTOR: Systemuser
PRECONDITIONS:  Thereis anactive viewedmodel.
PRIMARY PATH: 1. Theactorgivesinputthroughacon guredinputdevice.

2. Thesystemtransformghe modelaccordingly
POSTCONDITIONS Theactve viewedmodelis transformed.

UC_04: modify model

This usecasedescribeghe procesf the actormodifying the modelasby hiding or
shawing certainpartsof it. Thisis neededor limiting the subjectof interestto only
the partsof themoleculetheuser nds important.

In this contet, the emphasizederm modeldoesnot referto the visual 3D modelbut
to asampledoartof amolecule.Seesection5.5.1for moreinformationaboutmodels
andtheclassModelrepresentinghem.

ACTOR: Systemuser

PRECONDITIONS:  Thereis anactive viewedmodel.

PRIMARY PATH: 1. The actorselectsthe desiredmodelin the info dialog for
viewing.

2. The systenrespondby only displayingthe selectednodel
POSTCONDITIONS Only the selectednodelof the active viewed moleculeis dis-
played.

UC_05: modify modelappearance

This usecasedescribesheproces®f theactormodifying thematerialproperties-the
appearance of theactive viewedmodel. Thechangesave effectonly onthecoloring
propertieof themodel,sincelighting is constantn thesceneandno texturingis used.
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ACTOR: Systemuser

PRECONDITIONS:  Thereis anactive viewedmodel.

PRIMARY PATH: 1. Theactorselectsnew coloringmodelfrom eitherthe color
ing menuor from the control panel
2. The systemappliesthe selectecchangego the models ma-
terial.

POSTCONDITIONS New materialpropertieshave beenapplied.

5.5.3 Changecases

“A change caseprovidestheability to identifyandincorporate expecteduture change
into a designto enhancehelong-termrobustnes®of that design”[34].

Plainly, achangecaserepresentanticipatecchangesn market, businessequirements,
or evenlegislative changegausingmodi cationsto thesystendesignand/orfunction-
ality. Anothersourceof futurechangen thedevelopmeniprocesss theuserwith nev
ideasfor additionalfunctionality

This sectionlists the changecasesncorporatedwith this work, takinginto consider
ationthe software procesausedduring the early stagef design& developmentand
interfacingwith theteamworking onthe otherpartsof the systemasawhole. Eachof
theseareconsideredspossiblefuturework andtaken into accountwhendeveloping
thesystem.

CC_01: Mark et requirementschange

The areaof businessfor bioinformaticsis rathernewv andthe directioninto which
the softwaredevelopmentshouldbe steerechasnot beenstabilizedyet. Thisimplies
evenvery sudderchangedo whatis actuallyrequiredof a pieceof softwaresuchasa
moleculamodelingsystem.

CC_02: scienti ¢ ndings

As new structuresrediscoreredby theresearcherataconstanpace thesystemmust
be adaptable¢o the new constructs.

CC_03: Data format changes

As the currentstandardPDB, is aratherold andlimited le format, new alternatves
arebeingdevelopedandlikely taken into commonusewithin a few years. The soft-
warearchitectureof the systemmustbe e xible enoughto be expandedwith new le
formatinterpretersvithouttoo muchwork.

5.6 Efciency and optimization

This sectiondiscussewvariousapproachesttemptedn achiering performancegains
by applyingdifferentoptimizationschemeso the systemstructure.
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5.6.1 Optimizing the geometry

The mostcommonapproachin geometryoptimizationis a methodcalled “le vel-of-
detail” (seechapter3.3.3) which essentiallymeanshaving multiple versionsof a
polygonalmodelin memorywith differentlevels of geometricdetail. A versionwith
low detailis usedfor faravay objectswhile a onewith high detailis usedfor nearby
objects.In thiswork | hadto abandorthis methodbecausé¢ endedup usingonesingle
objectto representhewholemodelin orderto win in performanceandmemorycon-
sumption.Becauséhereis no practicalapplicationfor viewing the modelfrom agreat
distancethe methodis of no usehere.A moresophisticatedariant,“dynamic LOD”
[19] could be used,wereit supportedby Jasa3D. The methodinvolves dynamically
improving the geometricdetail of a certainpart (onefacingthe camera)of an object
anddroppingthe detail whereit is not neededpart facing awvay from the camera).
Naturallyit mightbewritten by hand,but it would causea dramaticperformancelrop
insteadof gainhaving to applyit to alarge modelhaving alot of spheregatoms)every
frame.

Specialgeometryreductionmay be donewhenusingthespace Il visualizationmodel
becausedhereare overlappingspheres. A crudebooleanintersection-like removal
operations donefor theoverlappingobjects remaving ary polygonthatis completely
insideanothersphere Themethodinvolvescomparingeachvertex of eachpolygonin
themodelagainstanotherspherede ned by alocationcoordinateandaradiusvalue.
If all theverticesof the polygonareinsidethe spherethe polygonmay be discarded.
Cutting the polygons(actualbooleanintersectionoperation)would be tremendously
slowerandwould give no additionalperformancéoost,asdraving polygonsis cheap.
Figurel7illustratesthis geometryreductionfor awatermolecule.Sincethisis aheary
operationo do—every atommustbe checled againsit' s neighbors- somethingnust
be doneto male it faster The answeris caching: some90% of atomicbondsin a
moleculeconsistof sametypesof atoms,having sameradiuses. Eachtwo distinct
atomsarealwaysat the samedistancefrom oneanotherin the bond. This way, every
reductioncalculationbetweentwo certainatomscan be cached,andits result (the
geometryyeused.

5.6.2 Optimizing the scenegraph

Becausdghe moleculemodelis arigid body (noneof it's partsmay move in relation
to otherparts),the whole model may be usedas a whole sincethereis no needfor
being able transforma single atom by itself. This impliesit canbe placedentirely
underasingleTransformGoup, thescenegraphnodeusedfor applyinga 3D transfor
mationto a groupof nodes(seesection3.3.4). This requirespre-calculatinghe atom
positioninto the polygoncoordinatesnsteadof usingthetranslatingfransformGoup
but this is a trivial operation. Also the centeringof the modelcanbe pre-calculated
into the coordinatesmakingthe centeringtransformobsolete Omitting the centering
TransformGoup also, the whole model can be placedundera single BranchGroup
Secondlysincethereis only oneobject,thereneedso be only one of Shape3band
Appeaancenodesrequiredto describea visual object. Sinceboth of themarerather
comple objects,they alsohave a large memoryfootprint, thus further reducingthe
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Figure 17: Water moleculewith geometryreductionappliedto the hydrogenatoms
andthe oxygenatomrenderedvith 40%transparenc

memoryusageby a signi cant amount. For explanationsfor the nodeobjecttypes,
referto section3.3.4.More detaileddiscussiorabouttheseobjectsis availablelaterin
thissection.Thetotal numberof bytessavedis shavn by equatior?2. For explanations
of thecoefcients usedin theequationseetable5.

(2)

Symbol Meaning

Numberof bytes

Sizeof aTransformGoup object,in bytes
Numberof atomsin molecule

Sizeof anAppearanceobject,in bytes
Sizeof anShape3bbject,in bytes

Table5: Explanationgor symbolsin equation2

Assuminga Java3D implementatiorhaving the nave values = 200, = 300,
= 100 and a moleculewith = 2000, the numberof saved Java objectin-
stancess 1 + 2000+ 1999+ 1999=5999and = 1172kB.While this numberof
bytesprobablyis a low estimateasthe Java objectsin questionare quite large (see
[32]), it shouldbe keptin mind thatthe numberof the objectsis moreimportantthan
thenumberof bytesthey take up. Thesolereasorfor thisis Java's automationemory
deallocatingvia garbagecollectionsubsystemwhichis run periodicallyby the Java's
virtual madine Whenthe garbagecollector nds anobjectwhich nolongerhasary
exterior referenceso, the objectis deallocatedndit's referenceso otherobjectsare
markedinvalid, to furtherallow themto be deallocatedWhile this mayimplemented
by a rathersimpleroutine, it is a lengthy processand processingnultiple thousand
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objectsthis way cantake a lot of time. The time taken by the garbagecollectorto

deallocateheseobjectsshavs asa brief performancedrop in the restof the threads
in the virtual madine andis mostunwelcomein a userinterface software, in spite
of whetherthe pausecausedy thetemporaryheary processingvould be only a few

seconds.

In additionto achiering lower memoryconsumptiondroppingthe obsoleteTrans-
formGroupnodeggivesa performancdoostdueto fastertraversalof the scenegraph.
Visiting anoderequiredetchingthenodedatafrom memory andwhentherearemary
nodesthey all cannott into thecacheandmustberetrievedfrom RAM. Thisis avery
slow operation.Also the objectsundera TransformGoup nodemusttransformedoy
the groups transform,andthis requiresa 4-by-4 matrix multiplication, which means
16 oating point multiplications. For a systemthat can performthis calculationin
hardware (seeTransformatior& Lighting, section3.3.2)the effect on performancas
small, but for a systemwherethe calculationneedso be donein software,the effect
may betremendousThe dravbackto this methodof fusioningall the geometricdata
into onesingleobijectis that picking a singleatomby the regular meands no longer
possibleput thereis a workaroundmakingthis optimizationfeasible.

Figures18 and19 displaythe unoptimizedandoptimizedscenegraphs.The symbols
usedn thegraphsareexplainedin table6. Thestandarcdhodesaddedoy Java3D—such
asview platform,view, Carvas3DandSceen3Dhave beenomittedfor simplicity. See
Java3D Speci cation[32] documentatiorfior informationon the standarchodes.The
scenegraphspresentedelon arefor space Il / ball-and-stickvisualizationmodels,
sinceonesusedfor the two other modelsare straightforvard to implementwith a
simple scenegraph. For explanationsfor symbolsusedin the scenegraphdiagrams
seetable6.

- VirtualUniverse

Locale

Non-visuals X
Visuals

Model centering

'
Atom positioning

Figurel8: Unoptimizedsceneggraphfor space Il / ball-and-stickvisualizationmodels.
Thereis a TransformGrougor eachatom,andeachatomis a separat®bject.
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- VirtualUniverse

Non-visuals .
Visuals

Molecule

Figure19: Optimizedscenegraphfor space Il / ball-and-stickvisualizationmodels.
Thewholemoleculeis representedly asingleobjectandthereis no needfor centering
/ positioningTransformGroup®ecausgre-translatedgoordinategareused.

Symbol Meaning

BG BranchGrouparootof ascenegraphbranch

TG TransformGroupa transformedyroupnode

AL Ambientlight, directionlesdight source

DL Directionallight for improving senseof three-dimensionalityn
therenderednodel

BD Backgrounchodefor changingthe color of thebackground

B Behavior nodefor manipulatinghe modelwith mouse

S Shapenode. Either a single atom (unoptimizedgraph)or the
entiremoleculemodel(optimizedgraph).

Table6: Explanationgor symbolsin gures 18 and19

Anotherspotwhereit would be possibleto spareobjectsis the allocationof Appear

ancenodes. An Appearancenodeis a propertyrecord— a Jasa objectin Java3D
— that describesthe characteristicsand visual attributes such as “material” (ambi-
ent/difuse/speculacolor, shininessyandtransparengc settingsof an object. Java3D
doesnot specifywhetherthe methodjavax.media.j3d.Shape3D.set&pmnce() allo-

catesanew Appeaanceobjector usesheonegivenasanamgumentby referencebut
if it isusedby reference-asit mostlikely is—thepossibilitiesfor reuseof Appeaance
instancess olvious for objectswith similar visual attributes. As this is commonin

molecularvisualizationapplications,oneinstancecan be usedfor every singleatom
with the samecolor. Atoms have the samecolor for examplein the CPK model(see
section3.2.5). This, again,only appliesto space ll/ball-and-stik visualizationmod-
els.
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5.6.3 Optimizing Java

Thereareafew commongenerictricks in optimizingary Java software. Following is
alisting of the stepstakenin coveringthe mostcrucialissuesn thatarea,explaining
how the optimizationis implementedandhow it affectsthe program o w. In addition
to Java speci c issuesstandargprogrammingparadigmsareconsidered.

Avoid “pooling” objects. Poolingobjectsmeansstoringreferenceso reusable
objectsandthereforemakingit possibleto avoid the costlyoperationof allocat-
ing memoryfor suchobjectsevery time oneis neededThis approactdisallons
Java's garbagecollectorto deallocatehe objects but it still hasto keeptrackof
the objectreferencesthereforeslowing it down agreatdeal.

Useof the Singletordesignpattern.Insteadof instantiatinganutility classevery
time oneis neededa Singletoninstancecanbe usedto gain performancéoost
andavoid memoryfragmentation For informationaboutthe Singletonpattern,
seesection3.4.1.

AvoidingsynchronizationSynchronizatiometweerthreadss costly andthere-
fore shouldbe avoidedwhenpossible.In a graphicsuserinterfacebasedsoft-
ware, synchronizatiorisn't neededunlesssomebackgroundprocessings re-
quiredto berunin anotherthreadoutsidethe GUI eventhandlingthread.Also
having externalinterfacesaddthe needfor synchronization.
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6 Analysis

Thefollowing sectiongdescibehetestingernvironmentandanalysisof theresultsand
conclusionsiravn basedn theresults.

6.1 Testingenvironment

Fortestingandmeasuringheperformancef thesoftwaretwo separatéardwarecom-

binationswith differentcapabilitiesvereusedto beableto pointout possiblearchitec-
turerelatedproblemsn theperformanceswell aspossible A window with resolution
of 1024x 768 pixelswasusedfor renderingthe modelsunderthe performanceester

Tables7 and8 shav the hardware and software con gurationsof the testmachines
madinelandmadine2(referredwith thesenamedaterin thetext).

CPU Intel Celeron2933MHz

RAM 640MB PC133

Video nVidia GeForce44600T (hasTransformatior& Lighting)
Screen Resolutionl024x 768

Disk IBM DeskstaB0GB 7200rpm

oS RedHatLinux 7.3w/ kernel2.4.18-3

HW APl | OpenGL1.3.1NVIDIA 31.23

Java J2SE1.4.2_01+ Java3D 1.3.1for OpenGL

Table7: Hardware/ software con guration for testmachinel, the primary develop-
mentandtestingmachine.

CPU Intel Pentium31133MHz

RAM 260MB PC133

Video Intel 830M (no Transformatior& Lighting)
Screen Resolutionl024x 768

Disk 30GB 5400rpm

(O] Microsoft Windows 2000Professional
HW API | DirectX9

Java J2SEL1.4.2 01+ Java3D1.3.1for DirectX

Table8: Hardware/ softwarecon gurationfor testmachine2, the auxiliary testma-
chine.

6.2 Testdata
Severaldatasetswereusedfor testingthe softwareandits performanceMoleculesof
differentsizeswereimportedwith the samegeometriccompleities, to achiere awide

rangeof visual modelswith differentobjectandpolygoncountsto be measurednd
compared.The geometryresultingin the following numberswvasgeneratedvith the
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“space II” visualizationmodel.“Space II” model,asthemostcommonlyusedmolec-
ular visualization,is usedthroughouthe testingunlessstatedotherwise.The spheres
representinghe atomsarecreatedwith detaillevel of 128 polygonspersphereasex-
plainedin the section4.4.1. This methodis usedthroughoutthe software for sphere
creation.All modelsarestripi ed (seesection3.3.6). Datasets(tables9 through20)
representhe propertiesof datacreatedfrom four selectedmoleculeswith different
stagesf optimization. The datasetsla through4a representhe unoptimizeddata,
datasetslbthrough4brepresenthedatawith sceneggraphoptimizationsanddatasets
1cthrough4crepresentatawith bothscenegraphandgeometricoptimizations.

6.2.1 Unoptimized

Thefollowing datasetsrepresentheoriginalgeometrywithoutapplyingthereduction
operations.Scenegraphrelatedobjectoverheads includedasthe countsof objects
TransformGoup andAppeaance

Moleculeclassi cation(PDBID) | Plantseedprotein(1CRN)
Numberof atoms 327

Numberof polygons 41856

Numberof vertices 49050

# TransformGroup 328

# Appearance 327

Table9: Datasetla.

Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

DNA-binding regulatoryprotein(1BHI)
589

75392

88350

590

589

Table10: Dataset2a.
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Moleculeclassi cation(PDB ID)

Cytokine(1ITF)

Numberof atoms 2698
Numberof polygons 345344
Numberof vertices 404700
# TransformGroup 2699
# Appearance 2698

Tablell: Dataset3a.

Moleculeclassi cation(PDB ID)
Numberof atoms

Oxygenstoragé transpor{1C7D)
4396

Numberof polygons 562688
Numberof vertices 659400
# TransformGroup 4397
# Appearance 4396

Table12: Dataset4a.

6.2.2 Optimized scenegraph

Thefollowing datasetsrepresenthevisualizationsvith optimizedsceneggraph.Scene
graphrelatedobjectoverheads includedasthe countsof objectsTransformGoupand

Appeaance

Moleculeclassi cation(PDBID) | Plantseedprotein(1CRN)
Numberof atoms 327

Numberof polygons 41856

Numberof vertices 49050

# TransformGroup 1

# Appearance 1

Table13: Datasetlh
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Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

DNA-binding regulatoryprotein(1BHI)
589

75392

88350

1

1

Tablel1l4: Dataset2h

Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

Cytokine(1ITF)
2698

345344
404700

1

1

Tablel15: Dataset3h

Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

Oxygenstoragé transpor{1C7D)
4396

562688

659400

1

1

Tablel16: Dataset4h
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6.2.3 Optimized scenegraph and geometry

Thelastdatasetsfeatureboth scenegraphandgeometricoptimizations.Scenegraph
relatedobjectoverheads includedasthe countsof objectsTransformGoup and Ap-

pealance

Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

Plantseedprotein(1CRN)
327

11468

34458

1

1

Tablel7: Datasetlc.

Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

DNA-binding regulatoryprotein(1BHI)
589

16920

50761

1

1

Table18: Dataset2c.

Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

Cytokine(1ITF)
2698

75565

226696

1

1

Table19: Dataset3c.
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Moleculeclassi cation(PDB ID)
Numberof atoms

Numberof polygons

Numberof vertices

# TransformGroup

# Appearance

Oxygenstoragée transpori{(1C7D)
4396

152639

457917

1

1

Table20: Dataset4c.

6.3 Performancemeasuements

Severalmetricswereusedfor measuringhe straightforvard performancef the soft-
ware,of which four werechoserto bediscussedhere.

6.3.1 Frame rate measuements

Raw frame rate (FPS) measurementa/ere madeto nd out the effect of different
optimizations.Resultswereencouraginglthoughthe framerategainwasexpectedly
mawginal dueto the possibilitiesof by-handoptimizationof suchsoftware. BestFPS
ratefor a singleframeandaverageFPSratearegiven. Worst FPSrateisn't feasible
becausef the Java's garbagecollector that might in ict occasionakhortfreezesto

thevirtual machineoperationyesultingin unrealisticallylow FPSratesfor theframes
drawn duringthefreeze.Thetestingwasdoneautomatedlywith anauxiliary program
writtenfor thepurpose Thepolygonalmodelwasviewedin awindow of size1024by

768pixels, tted in a suchway thatthe whole modelwasentirelyvisible at all times.
The modelwasrotatedaroundit'slocal Y axisandthetimeto rendereachframewas
calculated. The averageFPSrating was calculatedfor 10000renderedrames. The
modelsusedwerestaticandno dynamicalterationssuchasthe level-of-detailmethod
wereused.Table21 displaystheresultsof theframeratetestruns.

Dataset Machine Framegendered| AverageFPS | BestFPS
Datasetla | Testmachinel 1000 47.29 50.00
Testmachine2 1000 31.18 38.21
Dataset2a | Testmachinel 1000 27.08 28.57
Testmachine2 1000 17.16 20.00
Dataset3a | Testmachinel 1000 5.98 6.12
Testmachine2 1000 4.00 4.13
Dataset4a | Testmachinel 1000 5.87 5.89
Testmachine2 1000 2.64 2.67

Table21: Frameratemeasuremerfbr datawithout optimizations.
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Dataset Machine Framegendered| AverageFPS | BestFPS
Datasetlb | Testmachinel 1000 355.38 372.65
Testmachine2 1000 45,51 50.0
Dataset2b | Testmachinel 1000 263.12 274.12
Testmachine2 1000 26.15 32.36
Dataset3b | Testmachinel 1000 65.72 67.85
Testmachine2 1000 5.09 5.20
Dataset4b | Testmachinel 1000 26.32 28.57
Testmachine2 1000 3.50 3.92

Table22: Frameratemeasuremerfor datawith scenggraphoptimizations.

Dataset Machine Framegendered| AverageFPS | BestFPS
Datasetlc | Testmachinel 1000 436.51 457.53
Testmachine2 1000 58.3 77.78
Dataset2c | Testmachinel 1000 355.75 375.90
Testmachine2 1000 38.96 50.00
Dataset3c | Testmachinel 1000 112.07 114.52
Testmachine2 1000 8.67 10.00
Dataset4c | Testmachinel 1000 56.45 57.07
Testmachine2 1000 4.74 4.79

Table23: Frameratemeasuremerfor datawith bothscenegraphandgeometricopti-

mizations.

Figures20 and21 displaythe performancalifferencesetweenunoptimizedandop-
timized datasets. The full sizeversionsof these gures canbe foundin Appendix

B.
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Figure20: FPSratemeasurement®r testmachinel.

Becaus®f its Transformatior& Lighting capablegraphicgrocessqithetestmachine
1 hasalmostlinearperformancelropin relationto thegrowing geometriccompleity.
Whenscengraphoptimizationsareapplied,the performanceof the systemskyrock-
ets,which wasnot expected- at leastnot in this magnitude.This is mostlikely due
to thefactthat OpenGLis so heavily built on scenegraphs.Remwing all redundant
TransformGoupnodesliminatesalot of work from therendererresultingin remark-
ably goodframerates. Finally, applyingremoval of redundangeometrybringsonly
little valueto the overall framerateasthe system- being Transformatior& Lighting
capable- is not allergic to scenewith a lot of polygons. The achieved framerates
arein practicegoodenoughto work with; no furtheroptimizationswvould berequired,
althoughprobablymorethanwelcomein the future whenlarger andlarger datasets
arebeinginspectedvith the viewer software.
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Figure21: FPSratemeasurement®r testmachine2.
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Thetestmachine2 performspoorly oncethe numberof verticesin the scenestartsto
climb to countsof over 100000.For smallmodelsit almostreachedhe framerate of
the testmachinel dueto it's fasterCPU. But asthe vertex countgetslarge enough,
the CPU cannothandleit anymore andthe frame rate startsto drop underthe point
wherethe software really no longer canbe considered real-timevisualizer Intro-
ducingscenegraphoptimizationsbroughtapproximately30% increasean processing
power. This, too, wasfar morethanwasexpected althoughnot asdazzlingthanthe
performancegain for testmachinel. Geometricoptimizationsbroughtabout25%
moreef ciency, placingwith theresultingtotal performancet a level abouttwice the
performancef theunoptimizedversion.If it wasrequiredto make the softwarework
moreefciently onlow endmachineswithout hardware Transformation% Lighting,
geometricoptimizationswould clearlybethe stratgy of choice.

6.3.2 Loading times

As variousstaticoptimizationsareappliedto the datawhencreatingthe visualobjects
out of the moleculardata,the delaysloadingthe modelincrease Figure22 shaws the
loadingtimesfor the differentdatasets. All the timings were measuredn the test
machinel. Data“loading” refersto the systemusecaseUC_01de ned in section
5.5.2.

Unoptimizedloadingof the datainvolves merelyreadingthe source- usuallya PDB
le —andaddingdataelementsto the visual structureas we go along, resultingin

almostlinearloadingtimes. Although when processindarge datasets,thereis need
to reallocatea numberof internal buffers to handlethe increaseddatasize. This is

a somavhat costly operation,andthereforethereis a performancedrop every time a
giventhresholds exceededn thedatasize.

Adding optimizationto the scenegraphinvolves merely transformingeachsphere
(atom)to its locationin object spaceand afterwards constructingthe moleculeob-

ject, usingthe coordinatef eachof the atomsin a sequentiabrder While thisis a

strenuou®perationjt is alinearone,thusaddingno morethanatadto the costof the

unoptimizedoading. As theinitialization of N (N representinghe numberof atoms)
TransformGoupsis skipped,this versionmight even be fasterthanthe unoptimized
one,dependingyn theimplementatiorof the TransformGoupinitialization code.

Geometryoptimization requirescomparingeachcoordinateof eachsphere(atom)
againsteachof its neighboringspheres. “Neighboring” spherescan be considered
to beall the otheratomswith which a certainatomhasa bondwith. As this processs
extremelycomputatrely intensve andrequiresalot of memoryallocationanddeallo-
cationasvarioustemporarymemorybuffersarerequired theloadingtimestendto rise
fastwhenthe amountof the spheregatoms)increasesNaturally usingbetterresolu-
tion for the spheregmoretrianglesto represenevery sphere)addsto the processing
cost,but merelylinearly.

Applying cachingto thegeometryoptimizedloadingaddscompleity to thealgorithm
alongsidewith a small overheadmemoryfootprint, but reduceshe processingime
immensvely aswell astheneedfor temporanbuffers,astheircreationmaybeskipped
every time a cachedentryfor a particularbondalreadyexists. Sincein practicethere
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areonly a coupleof differentcombinationsof atomstaking partin a bond,the cache
remainssmall andthe lookupsarefast. Nearly 95% of the bondsof usualmolecular
bondsareeffectively cachedtheloadingtimesarenearlylinearfor a cachedsolution.

Loading times on test machine 1
10000

unoptimized :

scene graph optimizations ----- =
9000 scene graph + geometric optimizations -----#-- -

scene graph + geometric optimizations with caching -
8000 - |
7000 i
6000 - i
g 5000 i
4000 i
3000 o
2000 |- —
1000 | e T i
) e—» _ ‘

1 2 3 4

Comparison data set number

Figure22: Loadingtimesfor the datasetson testmachinel.

Thefull sizeversionof this gure canbefoundin AppendixC.

6.3.3 Hotspot analysis

A hotspotanalysisvasmadeto inspecttimingsof differentpartsof theprogram.The
analysiswvasmadeusingthe Jasa's standarchprof JVMPI (Java Virtual Machine Pro-
ling Interface[35] pro ler for gatheringthe dataand PerfAnal [36] for visualizing
theresults. Two primary actionsweretimed: loadingthe data(usecaseUC_01)and
transforminghemodel(usecaseUC_03).While usefuldatawasgatheredor the rst

one,thelatterjustshavedtheohviousthat95%of thetime wasspentin natie library
functions. Datafrom the rst onewill be usedto improve the dataloadingef ciency
in futuredevelopment.

6.4 Memory consumption

A speci c lightweightpro ler program(“*mprof”) waswrittenfor analysisof themem-
ory consumptiorduring runningthe visualizationsoftware. This wasnecessarye-
causeJava's standardpro ler hprof is ratherheavy, affecting the software’s perfor
mancetoo much. With the lightweight pro ler it was possibleto extract memory
consumptiordataby meansof inspectingclassloading,objectinstantiationanddeal-
locationeventssentby the pro ling framewvork. The resultswere gatheredper run
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andcomparedA cleardistinctionbetweeroptimizedandunoptimizedversionsof the
softwarewerefoundasthe hearyweight TransformGoup nodescould be omitted.
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7 Conclusion

Representingolygonal3D modelsef ciently in realtime hasbeenanissueeversince
the concepiof 3D renderinghasbeenaround. The processnvolveslarge amountsof

heary mathematicatalculationfor eachframe dravn, aswell aslarge memorybus

throughputwhenit comesto texturing andhigh level optimizationssuchasrealtime

geometriccompleity reductionof objects. In orderto producesmoothanimationof

the 3D world, optimizationsalongthe way arerequired. For rathersimple objects—

with a vertex countbelov 100000r so— the optimizationprocesrimarily focuses
on two things: having an ef cient matrix multiplier for the rotationsand very tight

codefor therasterizerwhich doesestimatedlysome90% of thetotal computatiorfor

sucha ervironment. As this is all doneon hardware on modernrenderersthereis

nothingmuchto do for the programmeto addto the performancef the system.But

for systemdaving arequiremenbdf beingableto give adequat@erformancevenfor

datasetsproducingmodelsaslarge as100000verticesor oftenmore,thereis needfor

alternatve optimizationsasthe hardwarewill ultimately run out of processingpower

asthenumberof geometriccompleity increases.

The objective of this work wasto designandconstructa molecularmodelingsystem
capableof displayinglarge amountsof dataas3D modelsand offering a reasonable
frame rate for enabling uent userinteractionincluding transformingand selecting
partsof thedatamodelin variousways. Theamountof datato bedisplayedby thesys-
temwould be from rathersmallmoleculef sizesfrom afew hundredatomsto ones
with sizesup to mary thousandnoleculesproducingvertex countsof some30000to
4000000r so,respectiely. Eventhecrude, rst versionsof the softwarewereableto
manipulatethe polygonalobjectsresultingfrom loadingthe smallestmoleculeswith
avery framerate,but the frameratedroppedfasterthanlinearly asthe objects'com-
plexity grew, asexpected.lt wasclearthatthe mainfocusof the systemoptimization
shouldbe on maximalreductionof the geometricdetail, either statically uponload-
ing the polygonmodel,or on-the- y whenpossible After studyingvarioussourceof
OpenGLoptimizationtips, it startedto getobviousthatalsothe“invisible” thingssuch
asthe sceneggraphhada majorimpacton the overall performancef the system.

The objectives of this work were metwith satisfyingsuccess.As the graphsin sec-
tion 6.3.1shaw, the framerate differencesin the systembetweenunoptimizedand
optimizedimplementatiorare astonishing.The curiousthing with scenegraphopti-
mizationswasthe differenceof performancegain betweerthe testmachinesthatis,
betweerOpenGLandDirectX ervironments.While the OpenGLonegainedan enor
mousamount- becomingmultiple dozentimesfasterfor large datasets—the DirectX
oneonly got minor additionsto the performance.This is mostlikely a direct con-
sequencef the fact that OpenGLis strongly basedon scenegraphs. All in all, the
runtime performancegainsturnedout to be far greaterthanever anticipated put the
dataloadingtimes(section6.3.2),o0n the otherhand,far worsethananticipatedeven
thoughsomeeffort wastakenin orderto optimizetheloadingprocessMeasurements
shaw, though,that morethan60% of the time spentloadinga datasetinto a visual
modelis spentinside Java3Ds own methods. Thereappeardo be severe problems
with the Linux implementatiorof Java3Dtoo; all too muchtime — secondseven—is
spentwaiting for synchronizatiorlocks againstthe native renderethreadswhentry-
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ing to inserta new live scenegraphinto the system.On the Windows implementation
therewereno suchdelays.

With the performanceresultsachiered and the visualizationsystemproduced,the
goalsof this work andthe software projectrelatedto it areconcludedo be achieved.

The studyandimplementatiorrelatedto this work wasvery interestingasit featured
mary 3D graphicgelatedrenderingandoptimizationtechniquesinfamiliarto meand
offered challengesn various elds of expertise. Building and optimizing the sys-
temwasa greatlearningexperience during which I stumbledacrossinvaluablenev

sourcesof informationregardingthe topics coveredby this work, had corversations
interestingpeopleboth online andin real life and gainedskills usingtools andtech-
nologiesl wasnotevenawareof.
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8 Futurework

As themainobjectveswerecompletedthemostwork onthesystemwill focusoutside
the scopeof this work; it needsto be modi ed to acceptremotedatafeeds,better
picking andbetteruserinterface. Also the usecasedJC_04andUC_05(seesection
5.5.2) left outfrom the systematthis stage probablyneedto beimplementedit some
point. The changesn requirementgasde ned by the changecasesCC_01through
CC_03in sections.5.3)will mostlikely inict iterative work to matchnewv marketand
technologicatequirementén theindustry

Two main things remainedunsatisfyinglycompleted: rstly the needfor large tem-
porarymemorybuffers while loadingthe data,andsecondlythe overall performance
of the dataloadingsystem.In its currentstate the loadingof a 3000-atonmolecule
might take on a systemequialentto thetestmachinel in section6.1 almost4-5 sec-
onds,whichclearlyis too muchfor theusageexperienceof thesoftwareto bepleasant.
Someforward studywasmadeto solve theseissuesandit probablywould bepossible
to apply a cachingto not only the geometricreductionoptimizationprocessput also
to predictthediscovery of thecovalentbondingbetweertwo atomsasusuallyary two
certainatomsin a residuehave the samedistancefrom another which would result
in cacheabldondingproperties. Using this information, precedingbondscould be
calculatedfor free. As the bondconstructionrequiressometime consumingmathe-
maticaloperationsissquareoot calculation this couldaddup to beagreattime saver
in theloadingprocess.
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