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Tämädiplomityö esitteleelähestymistapojasuuriadatamääriäsisältävienmolekyylirakentei-
den interaktiiviseenvisualisointiin.Se kuvailee tyypillisiä ratkaisujaja riskejä suurikokoist-
en 3D renderöintijärjestelmien koostamisessaja pyrkii esittämäänratkaisuitailmeistenpul-
lonkaulojenvälttämiseksi.Suorituskykyyn ja muistinkulutukseenliittyvät seikatkäydäänläpi
yleistettävyydensekäesitettävyydenohelle.

Työn ensimmäisessäosassakäydäänläpi aiheeseenliittyviä aiheitataustoineenbioinformati-
ikan, molekyylimallinnuksensekä3D renderöinninosalta.Toinen osakäsitteleetuotettujen
ratkaisuidenarkkitehtuuria,ja lopuksiesitelläänanalyysija mittaustentulokset.

Työn toteutusosaon kaupallinenmolekyylidatan visualisointisovellus joka on osaasuurta
tuotelinjaa.

Avainsanat: 3D, geometrianoptimointi, Java, muistinkäyttö,biokemianmallintaminen,visu-
alisointi
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This master's thesispresentsapproachesfor optimizing the interactive visualizationof large
setsof moleculardata. It describescommonsolutionsandpitfalls in constructinglarge scale
3D renderingsystemsandtriesto introducesolutionsfor workingaroundobviousbottlenecks.
Performanceandmemoryconsumptionissuesareconsideredalongsidegeneralityandpresen-
tationalaspects.

In the�rst partof thethesis,backgroundsof relatedtopicsin bothbioinformaticsandmolecular
modelingaswell as3D renderingareconsideredandtheirmeaningfor thiswork explained.In
thesecondpartthearchitectureof thesolutionsproducedis reviewed,and�nally analysisand
theresultsof themeasurementsarepresented.

The implementationpartof this work is ancommercialmoleculardatavisualizationproduct,
partof a largebioinformaticsproductline.
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De�nition of terms in order of appearance

3D Three-dimensional
modelling Representingan entity in a 3D environmentsimulatingits

realworld appearanceandbehaviour
OOP Object-orientedprogramming
design pattern A reusablesolution model to a well-de�ned problemin a

context
actor Usersof thesystem;humaneor othersystems
use case A well-de�ned andoutlined functionality of the systemin

somewayusefulto theactor
API Application programminginterface;softwareinterfaceto a

systemusedby exterior systemsto communicatewith the
system

OpenGL Open(3D) graphicsAPI
Java Platformindependentprogramminglanguagedevelopedby

SunMicrosystemscorporation
VR, virtual
reality

Worldlike 3D computersimulation

scene Structuredrepresentationof theworld of avirtual reality
b-spline A methodof creatinga smoothcurve with �nite numberof

discretedatapoints
protein docking Two proteinmoleculesattachingto eachotherin a way al-

lowedby their chemicalattributes
vertex A 3D vectorde�ning apoint in thevirtual world thatbelongs

to apolygonasoneof its corners
mesh Polygonalrepresentationof a3D objectmodel
alpha helix Secondarystructureof aproteinmoleculein whichthelinear

sequenceof aminoacidsis foldedinto a right-handedspiral
stabilizedby hydrogenbonds

picking Selectinga visual entity in the displayedsceneby clicking
on it with mouse

level of detail Complexity of displayedmodel.Abbreviated“LOD”.
stripifying Optimizationmethodfor polygonalobjectsto reducetheir

geometriccomplexity.
FPS Frames-per-second.Measurementof renderingrate.
JVMPI Java Virtual MachinePro�ling Interface.
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1 Intr oduction

Theintentionof thiswork is essentiallyto designandbuild adistinctively ef�cient sys-
tem capableof real-timeanimationandmanipulationof large amountsof molecular
data.A typicalusagescenariomightbesimultaneousdisplayof multiplemoleculesof
dozensof thousandsof atomseach.Theamountof dataposesa problemfor memory
buses,therenderingunit andtheprocessor(s)performingthetransformationalcalcula-
tionsof themodels.Effort will betakenonovercomingthesehindrances.A productof
thiswork is astandalonemolecularviewer/editorprogram(“system”)with integration
interfacesfor severalkindsof exteriorsystems.

The work will be focusedon displayingproteinmoleculesin a 3D viewing environ-
ment. Moleculestructuresare readfrom different dataproviders suchas �at �les,
databasesandprocessingsystemsandvisualizedon thescreenas3D meshstructures.
Different presentationalmodelsmust be supportedto allow suf�cient inspectionof
the model, including skeletal representationof the molecule's atomicbondsandthe
secondarystructureof the proteinmoleculeasan alphahelix. For an illustrative de-
scriptionof proteins'helicalcharacteristics,see[1].

Thedesignprocessof thesysteminvolvestaking into considerationthe following as
thesystem's mostimportantfeatures:

� Ef�ciency. Thesystemmustallow evencomplex modelsto beviewed�uently,
usingany lighting/coloring/texturing modeldesiredby theuser. Loadingof data
mustnot take up inconvenientlylargeamountsof time.

� Scalability. The computationalwork doneby the systemmustbe easily dis-
tributable.

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

1.1 Scopeof the Thesis

This researchoffersa wide rangeof subtopicsasbioinformaticsandgraphicalvisual-
ization relatedto it arerathernew areasof study. Existingmolecularmodelingsoft-
warehave a wide rangeof featureslike calculatingmoleculardockingreal-time(see
[2]). Thesystemimplementedhere,though,will concentrateon performingthecore
tasksin themostef�cient way available;otherexpansive tasksmaybe implemented
asintegratedsystems.

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

In thiswork, amanipulated“object” is amoleculemodelconsistingof separateatoms
or otherstructuredependingon theselectedvisualizationmodel. Togetherthestruc-
turesform a rigid body(themolecule),thatmaybemanipulatedaccordingto table1.
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camera object
translate “�y” aroundin world grab& moveobject
rotate tilt world grab& rotateobject
scale expand/shrinkworld scaleobject

Table1: Robinettetal.: virtual reality interactions

Similarly, camera(alsocalled'eye' in this context) movementin theworld is imple-
mentedaccordingto table1.

As multiplemoleculesandatomsaredisplayedsimultaneously, acorrectimplementa-
tion of selectionof entitiesis required.Selectioncanbemadeeitherby pickingsingle
molecule/atomor with adragtool allowing simultaneousselectionof multipleentities.

Optimizationsto the systemmight includeapplyingdynamiclevel-of-detail (LOD)
selectionfor objectsfar away from the camera.The lower LODs arecalculateddy-
namicallyalongsidetheactualtop-level objects.Also objectcachingis implemented
to dramaticallyspeedup changingvisual representation.Structuralinformation for
differentrepresentationaltypesarepre-calculatedupontheinitial loadingof themolec-
ular structure.To assuresmoothnessof animation,possibletwitchesareavoidedby
runningthegarbagecollectorduringperiodsin which thesystemis at restfor a suf�-
cientamountof time.

Varioustechniquesfor reducingmemoryconsumptionof thedisplayedmodelswill be
tested.Theway memoryis allocatedandusedplaysa greatrole in theperformance
of thesystem,sinceit is implementedin theJava programminglanguage,which uses
automaticgarbagecollection. The systemis to remainresponsive regardlessof any
concurrentbackgroundprocessing.This implies useof threadingfor any laborious
calculations.

Becausethesystemis endusersoftware,usability issuesplay a signi�cant role. This
thesisfocuses,however, merelyon theperformancerelatedaspectsof thesystemand
thereforeusabilityissuesareoutsidethescopeof thiswork.

1.2 ProblemStatement

Themainobjective is to achieveoptimalperformancefor displayingmoleculardatain
large quantitiesthroughminimizing memoryusageandreducingrenderedgeometry
complexity bothstaticallyanddynamically.

1.3 Structure of Thesis

The �rst part of this thesisdescribesthe problemand relatedbackgroundinforma-
tion aswell as the theorybehindpossibleapproachesto solving the problem. The
�rst partconsistsof chapters1 through4. Chapter1 introducesthegoalsof thework
andsetsboundariesfor the scopeof thesolution. Chapter2 presentsthegeneralas-
pectsby which theprimarygoalsof thework aremeasured.Chapter3 discussesthe
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backgroundof bothbioinformaticsand3D renderingin adequatedetailandexamines
existing solutionsto the problemdomain,whereaschapter4 providesmoredetailed
inspectionof therelatedrenderingprinciples.

Thesecondpartdiscussestheimplementationandprovidesresultanalysis.Finally, the
work is concludedandpossiblefuturework is considered.Thesecondpartconsistsof
chapters5 through8. Thesystemenvironment,designandoptimizationsarediscussed
in chapter5. Chapter6 is aboutthe analysisand testingenvironment. It explains
theresultsandhow they arerelatedto theappliedoptimizations.Chapter7 includes
theconclusionaboutthe resultsof thework andhow thegoalsweremet. Chapter8
presentsideasfor futurework on thesubject.
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2 Criteria

Thischapterdescribesthecriteriatobeusedwhenevaluatingthequalityof thesolution
answeringto theproblemstatedin chapter1.2. Thesepointsarechosenasthebasis
for thedesignof thesystemrequirementsandde�ne thedesiredgeneralfunctionality.

In additionto the thingsmentionedbelow, this work shouldbe ableto suggestnew
ideasfor ef�cient moleculardatarepresentation,aswell asattemptto improveexisting
methodsvia researchingtheir possibleoptimizations.

2.1 Software usability aspects

Although this work – asstatedin chapter1.2 – doesnot considerusability issuesin
depth,the following pointsarementionedhereasessentialfor goodsoftwaredesign
andbecausetheresultingsoftwareproductis requiredto includethem.

� Simplicity. Thesystemshouldbe intuitive to useregardlessof thebackground
of thepersonusingit.

� Appearance.Theuserinterfaceshouldbepleasantto useandlook at. Computer
softwarethatis notappealingto look at normallyis notappealingto useeither.

� Inputdevicede�ciency tolerance.Controlandmanipulationof thevisualmodels
must be con�gurable for exampleto allow full accessto all transformational
functionalityimplementedby thesystemwith amousewith only two buttons.

� Reactivity andresponsivity. The usageof the systemmustbe �uent, meaning
that theremustbe a responseto userinput within reasonablysmall amountof
time.

2.2 Software technicalaspects

Herearementionedthe technicalaspectsrelatedto the context of this work andany
similarsystem.

� Generality. All sortsof differentvalid datamustbedisplayedaccordingto the
samerules.

� Performance.The systemmustactuallybe ableto offer assistancein the task
beingaccomplishedwith it.

� Scalability. The input datawill be noticeablein quantity, andthesystemmust
not lock up or reject virtually any amountof input - naturally limited by the
systemresources.

� Fault tolerance.As thesoftwarewill beintegratedinto a largersoftwaresystem,
it mustcontainno �a ws thatwill hinderor slow theexecutionof otherpartsof
the system. It mustalsobe ableto handleinvalid dataanduserinput without
crashingor becomingunusable.
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3 Background

This sectiongivesa little insight to thebackgroundof thesubjectof this thesisandit
shouldoffer connectionbetweenthis work andtheconceptof molecularmodeling.It
will alsoshow how thesolutionspresentedhererelateto thebig picture.

3.1 Bioinformatics

“Bioinformatics is thescienceof usinginformationto understandbiology.” [5].

Biology asa scienceis aboutexplorationof functionsandinteractionsof tissuesand
cellswithin anorganism.Thebiologistpracticingthatstudycollectandinterpretdata
to beableto understandtheforcesbehindbiologicalphenomena.As thetechnologyto
collectthebiologicaldatahasbeenevolving over thecourseof yearsto thepoint it is
at today, new datais beingcollectedwaymuchfasterthanit caneverbeinterpretedby
manuallyinspectingit. Therearevastarchivesof genomialdata.How arethescientists
to rapidly�nd thesuitableinformationfor agivencase?How dothey predictthestruc-
tureandpropertiesof aproteinwithoutlong-termprocessof outliningits physicalform
by hand?This is wherebioinformaticsstepsin. Althoughcommonlyusedto meanev-
erything wherea computerand biological dataare usedtogether, bioinformaticsis
considereda subsetof a larger �eld calledcomputationalbiology, bioinformaticses-
sentiallyanswerstoquestionssuchastheonespresentedabove. Usualmethodsusedin
the�eld arepatternrecognition,variousstatisticalmethodsandrelationalanalysisfor
identifyinggenesanddetectingcharacteristicpatternsthatidentify genefamilies.An-
otherexampleis dataminingtoolsfor determiningbiochemicalpropertiesof molecule
structures.As thetoolsandmethodologycomefrom variousdifferentareas,sodo the
peopleusingthem: researcherscometo bioinformaticsfrom many �elds, suchaslin-
guistics(patternrecognition),mathematicsandphysics(transformingthedatainto a
representablemathematicalmodel)andcomputerscience(the low-level tier between
theothersandtheworld of computing).

Theinformationrelatingto thebackgroundsof bioinformaticshasbeengatheredfrom
booksBioinformaticsComputerSkillsby Gibas& Jambeck[5], Biochemistryby Lu-
bertStryeretal. [6] andMolecularCell Biology by Lodishetal. [1].

3.2 Molecular modelingand visualization

Theterm“molecularmodeling” includesmany things. In general,it refersto explor-
ing the stateandconditionof a moleculeandits responsesto externalstimulae. As
statedby Rzepa[7], this �eld of scienceoftenalsogoesby suchnamesas“computa-
tionalchemistry”,“computationalquantumchemistry”and“theoreticalchemistry”.A
commonsub�eld known ashomologymodeling[8] is in essenceatechniqueof guess-
ing unknown partsof a molecularstructureby combiningthe sequenceof a macro-
moleculewith a prede�nedtemplateandestimatingthe characteristicsof the result.
Oneapproachis to applyclassicalmechanicstheoryto simulatethestructureanddy-
namicsof themolecule.While thebig pictureis approximatedby theclassicalmodel,
a certainactive subsetof the atomsis studiedusingwith meansof quantumphysics
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to overcomethe shortcomingsof theclassicalmodel. A realisticallyworking model
is theneasilyreusablefor multiple differentapplications,offering a costeffective and
ef�cient tool for molecularstudy. A lesscomplex yet nonelessimportantor infor-
mative technologyis “molecularvisualization”,which, in anutshell,signi�es visually
representingamolecularmodel– usuallyasa3D renderedmodel– to displayits phys-
ical form andstructure.Its purposeis graphicalvisualizationof a moleculein exact
simulatedenvironments(ie. computer-aidedconstructionof modelsof realmolecules
moreaccuratethanthoseachievedby 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 thepharmaceuticalindustry. The
practicesof simulating,modelingandvisualizingarepowerful tools for a researcher
becauseinsigni�cant datacanbediscardedautomatically, accordingto programmati-
cal rules. Also they serve asillustrative meansfor inspectingthedataanddesigning
meaningfulandef�cient productsfor a purpose.Over the courseof yearsthe repre-
sentationmodelsevolved from theearlystick modelsto thevarietyof modelsin use
currently. The�rst visualizationson a computercamearoundin the '70s. Dueto the
lack of CPUcapacitybackthen,theseobviously weren't of real-timenature,but ren-
deringsof staticmodels.Figure1 shows a renderingof a nucleotide-umoleculeasa
suchmodel.

Figure1: A staticball-and-stickrepresentationof the nucleotide-u.The imagewas
renderedwith MathMol [9].
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3.2.1 Detectingand characterizing molecules

In orderto deducethe functionof a protein,it' s three-dimensionalstructuremustbe
known. Perhapsthebest-known approachto this is X-Raycrystallography, pioneered
by Max PerutzandJohnKendrew in 1950s[6]. Thebasicprocedureis to shootraysof
wavelengthshortenough– about0.1to 0.2nm– to resolve atomsthroughacrystalof
theproteinbeinginvestigated.Thecrystalcausesrayshitting atomsto scatter, produc-
ing a diffractionpatternof discretespotson a �lm. Interpretationof the3D structure
of the proteinfrom the diffraction patternis a elaboratebut straightforward process.
Figure2 displaystheoverall processof usingX-Ray crystallographyto examinethe
structureof a protein. Till date,over 8000proteinstructureshave beendiscovered
usingthismethod.

Figure2: Basiccomponentsof anx-ray crystallographicdetermination.Imagefrom
Biochemistryby LubertStryeretal. [6]

3.2.2 Molecular research and applications

Moleculesand their propertiesare researchedby the sciencecommunityin various
waysandfor variouspurposes.A researcherworking with developmentof new ma-
terialsusuallytakesa few standardsteps(overall processis shown in �gure 3). The
goal is to seekout the propertiesof the inspectedstructureandto �nd waysfor the
new materialto join or interactwith theexisting one,andthereforethephysicaland
chemicalpropertiesof thematerialhave a greatmeaning.Making two moleculesjoin
is a procedurecalledmoleculedocking, andtherearetoolssolely for the purposeof
�nding moleculessuitablefor dockingwith oneanother. Formingthedockingcapa-
bilities of two moleculesinvolvescalculation,andsincea lot of it maybecalculated,
asuchtool becomesinvaluable.

Searchfor easierandmoregeneraltool applicationsandmethodsfor characterizing
the three-dimensionalstructuresof proteinsis on the way. Onemajor goal is trying
to guessthestructurefrom thegathereddataby applyingcommonrulesknown about
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atomicbondsandprotein folding. This would be a vastspeedupcomparedto time
consumingmethodssuchasX-Raycrystallographyor studyingimagescapturedusing
electronmicroscopy [1]. Somevisionsalsocontainvirtual reality representationsof a
protein's structure,whereits activity wouldbesimulatedfor theuserto inspectfrom a
�rst personview.

Figure3: Standardprocessof researchthroughmolecularmodelingwithout themate-
rials preparationstep. Imagefrom MolecularModelingin UndergraduateChemistry
Educationby Hehrenet al. [10].

In additionto materialstudy, anew andvastlygrowing areaof applianceof molecular
modelingtools is nanotechnology. A conceptfamiliar to mostpeoplefrom movies
andscience�ction novels,nanotechnologyis becominga seriousandrealbranchof
biologicalstudy, asdiscussedin [11]. Nanomachines,theproductof nanotechnology,
are tiny molecularentities. They could be usedfor storingdata,medicinetransport
insidehumanbody, biologicalcomputersandsoon.

Moleculesof nanometricsizeandarecapableof accomplishingacertainwell de�ned
taskarecallednanomachines.Moleculescapableof recognizingothermoleculesus-
ing theirstructuralinformationor forminglargermoleculeswith others,maybecalled
“intelligent molecules”or “molecularreceptors”.The sizerangefor a nanomachine
is 1 to 5 nm, which is 10 to 50 Å (Ångström),andsomewhat larger thantraditional
molecules.Molecularmodelingtoolsareusedto designthesenanomachinesandin-
telligentmoleculessothatthey wouldhavedesiredproperties,like beingableto close
aroundasmallermolecule(see�gure 4).
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Figure4: A programmedintelligentmoleculeL formsa doublehelicalringlike struc-
turewith two Zn2+ ions. Imagefrom Dominantrecessivebehaviorin theexpression
of molecularinformation: Self-assemblyof macrocyclicarchitecturescontainingco-
ordinativelyunsaturatedligandsFuneriuet al. [12].

3.2.3 Existing solutions

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

RasMol[13] is a moleculevisualizationtool. The currentlyavailableversionof the
programhasbeendevelopedsince1995by Roger Sayle, andit hasbeenreleasedas
“public domain”.Thesoftwarehasbeenwrittenin theC language,andit compilesand
runson variousarchitecturesandoperatingsystems.The programis ableto handle
many coloringandvisualizationschemes,andsomewhatde�nes thestandardof real-
timemoleculevisualizationsoftwaretoday.

Protein Explorer [14], is a projectbasedon the original RasMolapplicationsource
codeandhasbeendevelopedsince1998. ProteinExploreris offeredasunsupported
freeware.It offersmany new featuressuchaspolaritycoloringandsurfacesin addition
to thoseimplementedalreadyin RasMolandit is supposedlymucheasierandintuitive
to use.Onthedownside,therearebuildsavailableonly for Windows andMacintosh.

VRDD[2] is a tool for inspectingdynamicdockingof molecules.Thefeaturesinclude
interactive manipulationanddockingof molecules,aidedby automaticdockingand
sidechainconformationalsearching.Thecalculationsaredoneat real time. It boasts
of a highqualityVR immersionmakingit suitablefor expertuse.

Fast LeadIdenti�cation Protocol [15] developedby Accelrys is not a singletool or
pieceof softwareratherthanaproposedapproachtomoleculardatamining. It attempts
to offer high throughputsolution to the problemof identifying and optimizing the
structuresin structuresbaseddrugdesign.Its usesinclude�nding thecompoundsin
theproteinthatmaypotentiallybind to thede�ned “active site”, which is thedesired
actionof adrug.Accelrysalsooffersawholeproductline conformingto thisproposed
standard.
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3.2.4 Moleculevisualization

Hereareexplainedthefour mostimportantvisualizationmodelsfor moleculesasim-
plementedby thecurrentsoftwareonthemarket. Eachmodel's representative capabil-
ities arecomparedto their performanceas3D models.Also thepossibleapplications
of eachmodelareconsidered.Notethatadvancedmodelingsoftwareusuallycombine
the differentvisualizationmodels,displayingdifferentpartsof the moleculewith a
differentvisualizationmodel.

Space�ll

Eachatomis modeledasa separatesphere,with a radiusequalto theatom's elemen-
tal Van der Waals radius. Van der Waalsinteractionis a weaknonspeci�cattractive
forcethatpulls two atomstowardsoneanother. Whentwo atomsareaffectedby this
force, they aresaidto be “within the Van derWaalsradiusfrom eachother”. When
two atomsarewithin this radiusfrom eachother in the space�ll model,their repre-
sentative spheresintersect,implying a bond betweenthe atoms. This is useful for
inspectingatomicbondswithin residues.Space�ll modelrequiresa lot of polygonsto
berepresentedaccuratelyenough,andthereforeit performsprettybadly.

Ball-and-stick

A classicway of representingmoleculesis ball-and-stick.Theatomsarerepresented
asspheresaswith thespace�ll model,but their radiusis usuallyconstant(andsmall
enoughfor thespheresnot to intersect).Thebondsarerepresentedwith sticksor thin
cylinders.This modeldisplaystheoverall structurebetterthanspace�ll model,andis
a bit lighter. Thesticksareusuallycoloredhalf way with thecolor of theatomin the
�rst end,andtherestwith thecolorof theatomin theotherend.

Skeleton

No atomsarerepresented– only the bonds. They areeitherrepresentedassticksor
thin cylinders,asin theball-and-stickmodel. This modelis extremelyef�cient, and
it givesgoodinsight to theformationof themolecularstructure.However, dueto its
lackof atoms,spottingdifferentelementsis dif�cult.

Ribbon

Ribbonsrepresentthe secondarystructureof the molecule,usuallyby somespline-
basedapproximation.More on splinesandtheorybehindapplyingthemto represent
ribbonscanbe found in section3.3.5. If the algorithmusedto createthe ribbon is
written well, the resultingribbon modelmay be highly ef�cient to displaybecause
trianglestripsmaybeusedextensively alongthecontinuousribbon.Figure5 displays
a ribbonvisualization.

3.2.5 Coloring models

Thereareseveraloptionsfor coloringthevisualmodelsin molecularmodeling,called
coloringschemes(or models).Below arelistedthemostcommononesandtheir ben-
e�ts.

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

Theacronym standsfor Corey, Pauling,Koltun,afterits developers.Thiscolorscheme
wasusedin earlyphysicalmodelsof moleculesandhasremaineda defactostandard
in theproductsof the industry. Themoleculein �gure 1 hasbeenrenderedusingthe
CPK coloringmodel.

Temperature

Temperaturecoloring schemeusesa color for eachatom that is basedon value of
socalled'crystallographictemperaturefactor', which canbe extractedfrom thedata
source.TheRasMol[13] informationpagesexplain thevalueasbeingroughly pro-
portionalto themeansquareamplitudeof atomic�uctuations in thecrystal– crystal
refersto thestructureof themolecule.
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Chain

Chaincoloring schemeassignsa speci�c, uniquecolor to eachpolypeptidechainin
themolecule.Thecolorsarenotde�ned by any commonstandard,ratherthanchosen
sequentiallyasanew chainis addedto thescene.

Residue

In theResiduecoloringschemethemoleculeis coloredsothatsimilaraminoresidues
get assignedthe same,uniquecolor. As with the Chain coloring scheme,thereare
reallynocommonstandardto theactualcolor selection.

Structure

In theStructure coloringschemethepartsin themoleculewith differentpropertiesget
renderedin differentcolors: helicesin onecolor, sheetsin another, regular turnsin
third andtherestin forth.

3.3 3D Rendering

This sectioncontainsbackgroundinformationof 3D renderingissuesin relationwith
thescopeof this work. Eachis introducedin adequatedetailandtheir importancefor
thiswork will beexplained.

3.3.1 Essentialconcepts

3D graphicstake greatadvantageof linear algebrain the form of matrix andvector
operations.Vectorsareusedto describelocations– that is, thepositionsof polygon
vertices,for example– andmatricesto describethetransformationsa locationin one
spaceto another. Transformationoperationsincludescaling,translation,rotationand
even perspective projection. For varioustransformationmatricesusedby OpenGL,
see[16]. For basicson matrices,vectorsandlinear algebra,refer to [17]. Matrices
andvectorsusedin mathematicsrelatingto 3D graphicsare4x4 and4x1 in dimen-
sion,respectively. Multiple transformationmatricescanbecombinedby multiplying
themtogether. An OpenGLtermfor sucha combinationis matrix stack, which han-
dlesmultiplying thematricestogether, allowing �e xible implementationof hierarchial
transformations.

Givena locationvector � anda transformationmatrix
�
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Thetransformation� � wouldbecalculatedasfollows:
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is a socalledhomology component.

After thepolygonaldatahasbeentranslatedto view space, it mustbedrawn onscreen.
Thisis whererasterizationstepsin. Rasterizationmeanstraversingtheedgesof apoly-
gon,dividing it into horizontal– or vertical– spans,andthendrawing themaccording
to theselectedtexture andshadingmodelin respectto theZ buffer to determinethe
pixel visibility.

3.3.2 Transformation and lighting

While 3D hardwarevendorssuchasSilicon Graphicsstartedby manufacturingchips
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-
professional3D hardwarefor thePCwas3Dfx Voodoo, introducedin 1996. It – like
all 3D cardsintroducedduring the following a coupleof years– requireda standard
traditional2D graphicscardbesideit to actuallydraw anythingonscreen.TheVoodoo
cardfeaturedthefollowing functionality:

� renderingresolution640x480at16bpp

� hardwarerasterizerwith bilinear�ltering for textures

� add-oncard;requireda2D videocardfor representingtheimage

Themoderngraphicscardsfor thePChave Transformation& Lighting functionality,
which, in a nutshell,meanshaving a dedicatedhardwarefor performing4x4 matrix
calculationsfor ef�cient processingof 3D transformations,which all aresuchmatrix
operations,asshown in section3.3.1.As thenumberof verticesin a sceneincreases,
sodoesthenumberof matrixmultiplicationoperationsrequiredto transformthescene
every frame. As this is a strenuousoperation,performingit on hardwareis essential
for largescenes.

ThemodernPC3D graphicsboardsat thetime of writing this work feature:

� Transformation& Lighting

� Largeamounts(256MB)of internalDDR texturememory

� Advancedvertex/pixel shaders

� Built-in shadow volumerenderingacceleration

� Fastfull sceneanti-aliasingandreal-timeanisotropic�ltering

� Displacementmapping
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3.3.3 Level-of-detail method

The level-of-detail(LOD) method[18] is analogousto mip-mappingin texturemap-
pingcontext; it usesmany versionsof apolygonmodel,eachwith differentgeometric
complexity. As themodelgetscloserto thecamera,aversionwith betterresolutionis
selected.Whenthemodelgetsfurtheraway, onewith smallerresolutionmaybeused
withouttheusernoticingthedifference.Theselectionof themodelversionis donedy-
namicallyin therenderingpipeline.In mostimplementationstheprogrammerde�nes
the borderdistanceswhereto switch to a lower resolutionmodel. This methodhas
greatadvantagesespeciallywhentherearemany similar modelsin thescene.When
a modelwith a low resolutioncanbeused,time is saved dueto the lower amountof
calculationsrequiredto performtransformationsfor themodel.

A moreadvancedtopic is dynamicallyapplyinglevel-of-detailmethodto partsof the
polygonalmodel.Thetechniqueis calledadaptiveLOD asproposedby Xia etal. [19].
The main ideabehindis to dynamicallyimprove the quality of the polygonalmodel
whereit matters;that is, thepoint in themodelwherethereis a specularhighlight or
thepointwherethecamerais lookingat. This is doneby re-tesselatingthepolygonsof
themodelto improve themodelresolutiononsomeareasandto decreaseit onothers.
This way the total numberof polygonsmay remainrather low while the rendered
imageof themodelis of veryhighquality.

3.3.4 Scenegraphs

“Scenegraphsare data structures usedto hierarchically organizeand manage the
contentsof spatiallyorientedscenedata.” [20].

Scenegraphsare a high level conceptusedto describethe scenein a 3D world in
a matterindependentfrom the underlyingrenderinglayer. The graphis a tree-like
structure,DAG, directedacyclicgraph, meaningit hasno loops– no nodehasanarc
upwardsin the tree– anda nodemay have many parents. This allows for sharing
a nodeat a high level. An operationon the scenegraphmay target the whole tree,
usingtheroot nodeasthestartingnode,or a subgraph.Thegraph(tree)containstwo
primarykindsof nodes;onesthatmayhave children(groupnodes)andonesthatmay
not (leaves). Becausethe scenegraphis independentfrom the underlyingrendering
layer, high level authoringtools may be usedto designsophisticatedscenesusing
standardscenegraphprimitives.For asamplescenegraph,see�gure 6.

A scenegraphis built of fundamentalnodesthatmake up thetree-like structurefrom
the root to the leaves. Thereare many variationsand conventionsfor namingand
orderingthenodes;for Java3DscenegraphsthemostimportantnodetypesareVirtu-
alUniverse, whichis ascenegraphrootnodetype,BranchGroupandTransformGroup
which aregroupnodesmeaningthey mayhave child nodes,andShape3D, Light and
Behaviournodeswhich areleaf nodeswith no children. A VirtualUniversenodede-
�nes scenegraphcharacteristicssuchasthelocaleswhich areusedto hostcoordinate
systemsfor thescene.BranchGroupnodesareusedto containbranchesin thegraph
tree– oneapplicationmight be to usethemfor separatingvisual objectsfrom invis-
ible nodessuchasbehavior andlight nodes.TransformGroup nodesrepresenta 3D
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Figure6: Samplescenegraphfrom [20].

transformationwhich is appliedto all thenodesin thesubtreesof theTransformGroup
node.A Shape3Dnoderepresentsa visualobject,whereasa Light noderepresentsa
light source.Behaviournodesareusedto addinteractionfunctionality in thesystem
andto controltherestof thenodeswith, for example,a timer objector by listeningto
userinput.

3.3.5 Splinesand parametric surfaces

Splines[21] – alongsideother parametriccurve methods– are usedextensively in
computergraphicsfor representationof smoothcurvesandsurfacesinsteadof polyg-
onal meshes.Alternatively they canbe usedto createpolygonalsurfaceson-the-�y
to achieve morerealisticmodels.A goodexampleis in renderingrealisticterrain;the
landscapetendsto have randomyet consistentform andthis is anideal target for use
of theparametricsurfaces.An excellentsourceof informationonmathematicalrepre-
sentationsof natureandterrainis TheFractal Geometryof Nature [22] by BenoitB.
Mandelbrot.

Hermitesplines(see�gure 7) – namedafteraFrenchmathematicianCharlesHermite
– areeasyto implementandmostmolecularmodelingsoftwaretendto usethemas
approximationsfor ribbonvisualizations.Theoreticallythey are“interpolating piece-
wisecubicpolynomialwith speci�edtangentat each control point” [23]. This makes
themidealfor approximatingthepeptideplaneof theproteins'secondarystructure,as
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explainedin Algorithmfor ribbon modelsof proteinsby Carsonet al. [24]. Figure7
displaystheconstructionof aHermitespline.
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P(k)

P(k+1)

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

Figure7: Parametricfunctionfor a Hermitespline.

3.3.6 Triangle strips and Stripi�cation

Stripi�cation is a processof trying to rearrangepolygonaldatain sucha way thead-
jacentpolygonscouldberepresentedastrianglestripsinsteadof their morecomplex
form, thussaving vertices.Theinput for thealgorithmis a polygonalsurfacemodel,
whosesetof polygonalfacetsrepresentsthe polygonsmakingup the visual object.
Eachfacet– polygon– is representedby a setof points,de�ned in a circular order.
The output of the algorithm is anothersetof polygons,whereall the polygonsare
trianglesandshareasmany adjacentverticesaspossible. As Estkowski et al. [25]
shows, this is aNP-completeproblem.

3.4 Software designmethods

This sectionbrie�y considerssoftwaredesignmethodscommonlyusedin software
architecturedesignandconsidershow they canbeappliedto thebuilding processof a
molecularvisualizationsystem.

3.4.1 Designpatterns

A software designpattern [26] is a descriptionof a commonproblemin software
architectureandageneralizedsolutionto theproblem.Theproblemis onethatrepeats
itself by thecoreprinciplesover andover in all softwaredesign.Thetermoriginally
camefrom architecturaldesignof buildings; how one would, for example,build a
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staircasegiven a speci�c form of the room. Theanalogyto object-orientedsoftware
engineeringiseasilyrecognizable.Applyingdesignpatternstosolveasoftwaredesign
obstacleresultsin easilyunderstandablearchitecture,asthesolutionis well known by
the othermembersof the softwareengineeringcommunity. Also the programcode
producedis proneto beinglessbuggyandto functionin astabilemanner.

As an exampleof likely patternusagein a molecularvisualizationsystem,Factory
Methodpatternis mentioned.As therearemany kinds of atomsin a moleculewith
very distinctphysicalandchemicalproperties,differentkindsof classeswith certain
hierarchymight be used. Still, all the differentkinds of atomsareinstantiatedfrom
thesamelocationin theprogram- probablysomekind of loadermodulethathandles
interpretingtheinputdatainto adatastructurethatrepresentsthemolecule.Theloader
moduledoesnot know or carewhatkind of anatomobjectgetsinstantiatedperinput
datatoken– neitherdoestheroutinethataddsthenew atominto theexistingdatastruc-
ture.Thereforeit is gooddesignto useamethodthatproducesatomobjects,internally
interpretingtheinput values,decidingthetypeof theresultingatom,instantiatingthe
atomand�nally returningtheatomasan anonymousinstanceof a baseclassfor all
atomsin thesystem.Thiskind of amethodwouldbeknown asaFactoryMethod.

Anotherwidely useddesignpatternis theSingletonpattern. It' s intent is to “ensure
a classonly hasone instance, and to provide a global point of accessto it.” [26].
Themotivationfor this is to save resourcesandCPUtime by only having to initialize
the instanceonce. TheSingletonclassmanagesthe initialization of the instanceand
makessureit is available. Typical Singletonsareheavy �le or communicationspro-
tocol parserswith many con�gurationalpropertiesandotherallocatedresources,for
example.

3.4.2 UML and Usecases

Uni�ed ModelingLanguage (UML) [27] is awidely useddesignapproachto software
systems.As a modelinglanguage,it is moreof a designtool thana concretemethod
of creatingsoftware– althoughmany UML software includecodegenerationfunc-
tionality. UML is a graphicalway to expressdesignchoicesandlay out architectural
issuesin a standardway. It featuresmany typesof diagramssuchasthe interaction
diagram, packagediagram, classdiagramandusecasediagrams. Therearetwo kinds
of interactiondiagrams:sequencediagramsthataremeantto show thechainof invo-
cationswhenan usecaseis beingprogressed,andcollaborationdiagramsthat more
concretelyshow the interactionbetweenobjects.Probablythemostcommonlyused
aretheclassdiagramandtheusecasediagram.Theclassdiagramis usedto illustrate
the architectureof the systemandthe relationshipsof the participatingclasses.Use
casesareusedto isolatesequencesof importantuseractionsto de�ne functionalityof
software.Theusecasediagramdisplaystheusecasesin amannerthatbringsouttheir
relationshipsandpossibleusers,calledactors. “A usecaseis a namedsequenceof
actionsan actor cando with thesystem.Each taskor functiontheusercanperform
on thesystemis describedasa usecase.” [28].
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4 Theory of related3D renderingprinciples

This sectiondiscussesthe techniquesusedin the processof representingmolecules
as 3D models,as well as the basicprinciplesof real-time3D renderingrelating to
the topic. Methodsof approximatingthephysicalform of themoleculestructureare
suggestedanddescribedin reasonabledetail. It alsopresentssomeconclusionsabout
therelatedtechniques.Alternative approachesarecomparedandtheir areasof usage
inspected.Most3D renderingsystemshave two mainrequirementsfor theimplemen-
tation: to beableto representthedataascloseto theintendedappearanceaspossible
– usuallythis “intendedappearance”impliesphotorealisticimaging– andto be able
to accomplishthis asef�ciently aspossible,enablingsmoothanimationof the data
modelbeinginspected.Achieving thesegoalsincreasesusabilityof thesoftwareand
addto the informative valueof the output, improving the valueof the softwareasa
modelingtool.

Section4.1givesrobustoverall insightto thetheorybehindthevariousrenderingprin-
ciplesessentialfor amolecularmodelingsoftwaresystemto implement;it explainsthe
conceptsandtheir �eld of usage.Section4.2describesthemethodologybehindselect-
ing visualobjectsfrom thedisplayedmodelprogrammatically, possiblewith guidance
from agiveninputdevice. Section4.3lists themostcommonpracticesto assigncolor
andothervisualpropertiesto a polygonalobjectsurface.Finally, section4.4 focuses
on thevariouswaysto representdatain a molecularmodelingenvironmentusingthe
techniquesexplainedin section4.1.

4.1 Renderingprinciples

Being able to createan informative and illustrative visualizationof any 3D model,
severalaspectsmustbeconsidered:

� Polygonalobjects,polygonrasterization

� Lighting andshadows

� Visualobjectselection(“picking”)

� Coloringandmaterialof objects

As 3D graphicsrenderingis a vastsubject,many essentialthingsareleft out of con-
siderationdueto the limited scopeof this work; also,they have no practicalmeaning
hereandarejust consideredto “be there” whenneededby thesystem.Thesemight
includetopicssuchasinputandoutputdevices,renderingpipeline,clipping,rendering
algorithmsandregularnon-renderingrelatedoptimizations.

4.1.1 Polygonal representationof visual objects

Visualobjectsin 3D systemsareusuallyrepresentedby polygonalmeshesconsisting
of trianglesthat make up the form of the object. More complex (convex) polygons
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maytypically bede�ned, but at somepoint they usuallygetbrokendown to triangles
asthey areeasierandfasterto renderthangeneralpolygons.Eachpolygonconsists
of verticesthatde�ne thecornersof thepolygon.Theverticesfor a polygonaremost
oftende�ned in a list-like mannerfor goodaccessibility. Eachvertex is essentiallya
vectorde�ning a locationin a 3D space;usuallywithin theobjectspace.Thewhole
objectthenhaslocationinformationin its transformationmatrix asthe translational
component. For more discussionaboutpolygonalobject representationbasics,see
section3.3.1. Alternative methodfor creatinga visual objectin additionto polygon
meshesis theuseof parametricsurfaces(seesection3.3.5)whoseform is calculated
in realtime from agivenparametrizedequation.

4.1.2 Illumination models

Thissectiondiscussesthebasicsandbackgroundof illuminationmodel– oftencalled
the lighting model– relatedto molecularmodelingapplications. OpenGL,as the
industrystandardfor 3D rendering,de�nes an illumination modelderived from the
Phong[23] genericillumination model. This illumination modelis usedin most3D
renderingapplications.Figure8 illustratesthePhongilluminationmodel.
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Figure8: Re�ection geometryin theOpenGLillumination model.Thevectorsrepre-
sentingthere�ection geometryareexplainedin table2.
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An illumination modelprovidesthe calculationof the effect of lighting appliedto a
surfacewith given visual properties,when the directionof the lights aswell as the
viewing directionis known. With this informationit is possibleto determinetheactual
color for a givenpoint in thepolygon. As calculatingthis exactvaluefor every pixel
in theresultingpolygonin realtimewouldbeimpossible,certainshadingmodelshave
beendevelopedto approximatethe color valuesfor the whole polygonusing faster
methods.Thestandardshadingmodelsarediscussedin section4.1.3.
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Symbol Description
+

Total intensity
,G. Ambientre�ectivity of surface

+

. Intensityof ambientlight
H Numberof light sources

+

4

Intensityof light I

,G: Diffusere�ectivity of surface;

<

=

4

Directionof light I

;

< >

Surfacenormal
,/B Specularre�ectivity of surface;

< C

Re�ection direction
J Phongcoef�cient (controlsthe“shininess”of surface)

Table2: Explanationfor symbolsin equation1

4.1.3 Shadingmodels

A shadingmodel[23] is an algorithmicmodelfor decidingthecoloring valuesused
for renderingaspanof pixelsonapolygonof a3D world structure,ie. avisualobject.
Therearevariouscommonshadingmodelswith differentpropertieswhat comesto
renderingef�ciency, generalityandrealism.

Thesimplestshadingmodelsarethe�at andLambertmodels.The�at modelis named
afterthefactthatit discardsall lighting information;thecolorsassignedto eachvertex
(or thetextureassignedto thesurface)dictatethecoloringfor theentirepolygon.The
Lambertmodeladdsto the�at modelin that it considerslight sources.Theillumina-
tion modelis appliedoncepersurface,usingthepolygon's surfacenormalto decide
thedirectionof theentiresurface.Thepolygonis thenrenderedin this unisoncolor.
Thesemodelsnaturallyperformwell asthenumberof lighting calculationsis low.

ThemoreadvancedshadingmodelsincludeGouraudandPhongmodels.Bothof them
interpolativeshadingmethods;they interpolatetheir shadingcoef�cients throughout
the polygon, producingsmoothcolor transitions. The Gouraud model appliesthe
illumination modelto calculatecolor for eachof theverticesof thepolygonandthen
directly interpolatesthe color value betweenthe vertices. This producesquite nice
lighting,but requiresahighpolygonalresolutionif specularhighlightsaredesired.The
Phongmodelprovidesa far morerealisticsolution: it interpolatesthevertex normal
vectorsover thepolygonandcalculatesthecolor valueevery

>

pixels, interpolating
thecolor valuein Gouraud shadingfashionbetweenthepointswheretherealvalues
getcalculated.In non-real-timeenvironmentsor with special,ef�cient hardware,it is
possibleto discardtheoptimizationandcalculatethecolorvaluefor everypixel – this
will bethestandardof hardwareshadersin a few years.TraditionallyPhongshading
hasnotbeenusedperpixel asthecolorcalculationinvolvesasquarerootoperationand
is highly timeconsuming.With thePhongmodel,specularhighlightscanbeproduced
within asinglepolygon.

BecauseOpenGLdoesnot – andthereforeJava3D neither– supportPhongshading,
Gouraudshadingis used.This impliesthathigh tesselationof thepolygonalmeshob-
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ject is requiredto getdecentspecularhighlighting.Sincethis is notpossibledueto the
performancedropdueto theincreasedgeometricdetail,acompromisemustbefound.
A reasonabletrade-off betweengeometricdetailandperformanceis to omit specular
highlights– modeledmolecularstructuresneednotbe“shiny”. For comparisonof the
threeshadingmodels,see�gure 9.

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

4.2 Object selectionby picking

The function andmost importantapplicationof objectpicking [29] in regardto this
work andany 3D userinterfacewith interactive functionalityrequirementsis selecting
a visualartifact from thescreenwith themouse.Whentheuserclicks on thescreen
wishing to selectanobject,thepoint in thescreenplanewheretheclick occurred,is
recorded.Thepoint is thenintroducedto the3D world space,assigningit a Z coor-
dinateequalto thenearclipping plane.Thena “ray” is castfrom thecameraposition
– which lies somewhatbehindtheclipping plane,amountof differencedependingthe
�eld of vision valueused– andthroughthe point into the world space.The ray is
checked for intersectionswith polygons,andthenearestintersectingpolygonis then
selectedas the result of the picking operation. If selectingobjectsratherthan sin-
gle polygons,it is a trivial operationto decideto which objectthe selectedpolygon
belongsto by inspectingtheobject's polygonlists. In someimplementationsthepoly-
gonsmight evenhave a referenceto their parentingobject,speedingup theoperation
signi�cantly.

4.3 Object coloring and materials

Pervertex coloringgivesthemodelermorecontrolover thewayin which themodelis
colored.Thedownsideto this is thatpervertex coloringis – in mostimplementations
– somewhat slower than using per object materialattributesand mostoptimization
guidesdisencouragetheuseof pervertex coloring,especiallyfor objectsof largegeo-
metriccomplexity. However this techniqueis essentialfor molecularmodelingwhere
it is often requiredto preciselyassigna certaincolor to certainpartsof the object,
for examplewhenrepresentingthemodelasa combinationof multipledistinctamino
acidresidues(for defactostandardmodelcoloringtechniquesin molecularmodeling,
seesection3.2.5).Pervertex coloringmaybeusedtogetherwith materialcoloringto
achieve,for example,specularhighlightingandshininesspropertiesfrom thematerial,
but still usingtheassignedvertex colorsastheactualbasecoloringfor polygons.
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Usingmaterialbasedcoloring impliescreatinga commonbundleof visualattributes
(“Appearance”in mostcontexts) thatde�nes theambient,diffuseandspecularcolor-
ing componentsandshininessvaluesfor the surface. Otherattributesmight include
transparency, diffractivity andre�ectivity of thesurface. Usingmaterialbasedcolor-
ing is easyto implementasthenumberof polygonsin theobjectis of noconcern.The
drawback to this methodis naturally that the objectcoloredwith the samematerial
mustbe consistentandsimple. While natureprovidesmany objectsthat conformto
this restriction– fruits, for example– man-madeobjectssuchastools or machinery
rarely do. Using materialcoloring is usuallymoreef�cient performancewise than
usingpervertex coloring.

4.4 Visualization methods

This sectiondescribesthe optionsin selectingvisual representationsfor molecular
data. Sincethe “real world” form of the structuresarecontinuoussurfacesandthe
computerizedmodelmustbe constructedof polygonaldata– triangles,in practice–
methodsof samplingthe original dataareneeded.The selectionbetweendifferent
possibilitiesis basedon the accuracy of the approximationaswell as the ef�ciency
(size)of theresultingmodel.

4.4.1 Spheres

Being able to ef�ciently renderspheresis essentialto molecularmodelingbecause
theoneof the mostimportantvisualizationmodelsis “space�ll” (seechapter3.2.4),
onewhereeachatomis representedby a sphereof a radiusspeci�c to eachelement.
As thereare often many thousandsof atomsin modeledmolecules,the numberof
verticesandpolygonsmustremainadequatelysmall for therendererto achieve good
performance.

Polygonalspheresare constructedby somemethodthat estimatesthe surfaceof a
sphereby triangles.Java3Dincludesa library classthatcontainamethodfor creating
spheres.The methodcreatesradial spansof triangles. The result looks awful with
smallgeometricdetailbut optimizeswell – seeStripifying in section3.3.6– producing
avery low numberof vertices.

A methodbettersuitedfor this work for creatingsphereswasadapted. It involves
recursively substitutingtriangleswith 4 smallertrianglesconstructedby creating3
new points at the midpointsof eachedgeof the original triangle, translatingthose
pointsto theunit distanceof theorigin (thesurfaceof theunit sphere)andforming 4
new triangles.The initial structureis an octahedronde�ned by verticesat (-1, 0, 0),
(1, 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
againstotherobjects. Below are imagesof spherescreatedusingthis method,with
1, 2, 3, 4 and5 levelsof substitution,resultingin geometriccomplexity presentedin
table3. Theresultingobjecthave beenstripi�ed (seesectionsection3.3.6)usingthe
Java3Dutility classcom.sun.j3d.utils.geometry.Stripi� er.

For molecularmodelingpurposes,usingGouraudshadedspheresof subdivision level
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subdivision
level

number of triangles number of vertices

1 8 24
2 32 42
3 128 150
4 512 558
5 2048 2142

Table3: Geometriccomplexities of spherescreatedby trianglesubstitution.

3 is suf�cient. NaturallydynamicLOD techniquecouldbe appliedto achieve better
looking surfaces,but this is unnecessarydueto missingspecularhighlights(section
4.1.2).

Figure 10: Flat shadedsphereswith transparentboundingsphereof unit radius.
Spherescreatedby recursive trianglesubstitution.

Figure11: Gouraudshadedspheres.Spherescreatedby recursivetrianglesubstitution.
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Java3D -style spheresareconstructedby creatingradial trianglespansover the sur-
faceof the triangle. The result is terrible with small geometriclevel, but improves
hastily whenincreasingthe numberof triangles. This methodallows for optimized
polygonstructure,reducingthenumberof verticesneededdramatically. Theobjectis
not symmetric,andoptimizationby removing geometrywhenclipping breaksdown
thetrianglestrips.Thegeometriccomplexity for thismodelis presentedin table4.

number of
divisions

number of triangles number of vertices

4 32 40
8 128 144
12 288 312
16 512 544
32 2048 2112

Table4: Geometriccomplexities of spherescreatedby theJava3D's utility classes.

Figure 12: Flat shadedsphereswith transparentboundingsphereof unit radius.
Spherescreatedby Java3Dutility classes.

Figure13: Gouraudshadedspheres.Spherescreatedby Java3Dutility classes.
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4.4.2 Arbitrary surfaces

Themodel's secondarystructureis representedby a “ribbon” model,which is anar-
bitrary surface(for accuratedescriptionof ribbonsrepresentedby splines,seesec-
tion 3.3.5which discussesparametricsurfacesin moredetail)that is representedby a
spline. Figure5 displaysa parametricsurface– a spline“ribbon” – usedstaticallyin
constructingapolygonalvisualmodel.

4.4.3 Lines

Simplelinescanbeusedfor ef�ciency in SkeletonandBall-and-stick(for de�nitions
seesection3.2.4)visualizationmodels. The line arraysarevery fast to renderand
yet offer an expressive way to visualizeelementalbondingin molecules.This type
of visualizationis, in mostcontext, referredto asa wireframemodelbecauseof its
resemblanceto awire form.

4.5 Renderingchallengesin relation to ef�ciency

This sectiontakeslook at performancechallengesin a large scalerenderingsystem.
Section4.5.1considersmemoryusageandits impactonrenderingspeedonthecurrent
3D hardware.Section4.5.2brie�y examinescommongeometryreductiontactics.

4.5.1 Memory usageconsiderations

Thememoryusageissuein modern3D renderingis twofold; allocationof largemem-
ory areasresultsin performancehits dueto cachemissesandswap usage,andusing
large memorybuffers – with large textures, for example– �lls the machine's data
bus. Theseaspectshave traditionally beendealtwith brute force solutionssuchas
purchasinglarge-capacityRAM chipsandgraphicsboardswith wider datarateinter-
facesoffering largebandwidths.As this trendcannotcontinuelimitlessly, alternative
solutionsmustbe found. Onesuchsolution is tile basedrenderingasproposedby
[30]. Theideabehindthetechnologyis simply to usedisplaylists to divide thescene
into smallregionsthatcanberenderedindependently, allowing therenderinghardware
ignoredepthchecksfor otherpartsof thesceneat thetime, saving in accesstimesin
communicationwith theexternalmemoryandwaitingfor theZ buffer. Also asthevis-
ible surfacetestsareperformedin the�rst pass,eliminatingredundanttexturememory
reads.Theseandotherbene�tsof tile basedrenderingsavealargeamountof traf�c on
thedatabus. Still, in theendoptimizationssuchasthis canonly assist– not actually
solve theproblem;it is upto systemdesignersto dotheirpartin selectingtexturesizes
andmodelcomplexities appropriatelyin orderto avoid �lling up thebus.

4.5.2 Geometry reductionapproaches

As transformingevena singlepolygonin a polygonalmodelis a strenuousoperation,
transformingmodelswith thousandsof polygons�uently requireshugeamountsof
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computationalpower. As thereusuallyaremany objectsin thesceneandobjecttrans-
formationisn't theonly thingthatrequiresCPUtime,it maynotbepossibleto usehigh
resolutionmodelsin asystemwherereal-timenesspropertyis required.Therefore,the
geometryof thevisualobjectmustbereduced.As thereductionprocessshouldalter
thevisualappearanceof theobjectsaslittle aspossible,thereductionalgorithmmust
becarefullyselected.Oneapproachis to usestripi�cation (seesection3.3.6)thatcom-
binesadjacentpolygonsinto trianglestripswithout changingthephysicalform of the
objectat all. Anotheris inspectingthemodelandremoving polygonsthatwill never
bevisible – thatare,for example,insideotherobjects– given limited movementsof
the camera(collision detectionwith solid surfacesto disallow enteringinsidesolid
constructs).Third andmorecomplicatedis actuallycalculatinga new model to ap-
proximatetheold model,with a lower polygoncountthantheoriginal. This is done
by �nding setsof polygonsthatmaybeomittedand/orcombinedwithoutasigni�cant
visiblechangein theappearanceof themodel.An exampleof asuchsoftwarepackage
is VizUp [31] which is a advancedcommercialproductfor 3D datageometryreduc-
tion. Softwaresuchasthis canbeusedto createmultiple versionsof a visualmodel
to beusedasdifferentstagesin a level-of-detailswitch. For closerinspectionon the
level-of-detailmethodseesection3.3.3.
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5 Implementation

The implementationpartof this work wasto write a softwareproductthatvisualizes
moleculardataby representingthemin variousde factostandardvisualizationmod-
els. Asidefrom thestandardaspectsof softwaredevelopments,themaingoalwasto
achieve goodsystemperformanceby applyingthe technicalapproachesstudiedand
developedfor this work.

5.1 Envir onment

This sectionexplains the environmentwherethe softwareproductof this work was
writtenandintendedto berunin. It shouldgiveinsightto developmentdecisionstaken
in selectinghardware,operatingsystemandprogramminglanguageusedto program
theproduct. It will alsodescribetheminimumhardware/ softwarerequirementsfor
thesoftwareto run,aswell asrecommendedcon�guration.

5.1.1 Programming language

The systemis developedin the Java programminglanguage.By the time of writing
this paper, the latestversionof Java2Standard Edition – the coreJava libraries– is
1.4.2_01coreand1.3.1Java3D API [32]. Java3D usesOpenGL[16] to accessthe
underlyinglow-level acceleratedgraphicssystem. Here is representedthe solution
implementedastheproductof this work. Java wasselectedbecauseof thefollowing
reasons:

� Thesystemwhosepart thevisualizationsoftwarewasgoingto be,is written in
Java

� Java hasbecometo offer adequateperformancewith the Hotspotvirtual ma-
chinesthatcompiletheJava bytecodeon-the-�y into native machinecode

� Java3D's developmentis rapidandit hasall thefunctionalityrequiredto imple-
mentthesystem.Thereis no needfor low level hardwareaccesssuchasstencil
buffer.

� Platformindependencewasa dominantfactorastheenduserprogramwill be
ranon multipledifferentmachinesundermany differentoperatingsystem

5.1.2 Systemrequirements

Thesystemrequiresa few softwarelibrariesto beinstalledto run– namelyJavaStan-
dardEditionandJava3D.Also eitheravalid DirectX or OpenGLlow level drivermust
bepresent.In additionto this, thereis no specialrequirementsfor theunderlyingsys-
tem. TheJava librariescanbe foundfor many existing operationssystemsandhard-
ware,andthosemachinesarethereforeableto automaticallyrun theviewer software.
A hardwaregraphicsacceleratoris stronglyrecommended,althoughno required.
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Minimum systemrequirements:

� Java StandardEdition& Java3Dlibraries

� DirectX or OpenGLlow level driver present

� 128MBRAM

� 400MHzx86CPUor oneof similarperformance

Recommendedsystemrequirements:

� latestJava,DirectX & OpenGLlibraries

� 512MBRAM

� A hardwaregraphicsacceleratorwith Transformation& Lighting capabilities

� Mousewith 3 buttons

5.2 Auxiliary programs

The testingandanalysisof the softwareproductrequireda numberof supplemental
modulesandexternalprogramsto bewritten. They aredescribedin detailhere.

� FPSCounter: anutility classto calculatetheframes-per-secondvaluefor mea-
suringtheviewerperformanceof essentialoperationssuchasrotatingtheviewed
model.

� SphereCoordinates: anutility classfor creatingsphericalpolygoncoordinates.
Themodulealsoincludesthepolygonreductioncodefor cuttingatommodels
againsteachotherin thespace�ll model.

� SplineKnot: modulefor representinga knot unit in a Hermitespline.It is used
for creatingthesplinerepresentationof a ribbonmodel.

� FPSTest: externalstandalonetestingprogramfor rotatinga3D modelat acon-
stantrate,measuringit' s performance.

� GeometryDemo: externalstandaloneprogramfor demonstratingthegeometry
reductionfunctionalityin thespace�ll model.

� mprof: a lightweight pro�ling library conformingto the JVMPI interfacefor
performancemeasurements.
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5.3 Supportedvisualization models

This sectiondescribesin somedetail the four visualizationmodelsimplementedby
this work andthereasonswhy they werechosen.For descriptionabouttheproperties
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 displayingthemolecule's secondarystructure,it could
besuf�cient todisplaytherestof themoleculewith theskeletonmodelonly, displaying
theatombondsthatmake up theouterstructureof themolecule.

Figure14: Screenshotof thevisualizationsoftwaredisplayingadeoxyribonucleicacid
molecule. The modelhas4 chains(A throughD), of which A andC arevisualized
with thespace�ll visualizationmodelandB andD with theball-and-stickmodel.The
coloringmodelusedis Residue.

Thespace�ll, ball-and-stick andskeletonmodelseachillustratethepositionsof single
atomsandtheir relationsto otheratoms.While space�ll modeldoesthisby providing
overlappingspheresof large volumewith radiusesequalto the atom's characteristic
Van der Waals radiusthey represent,the ball-and-stick andskeletonmodelsempha-
sizethewireframe-like structureof themoleculeandtheatombonding.Thegreatest
advantageof the skeletonmodel is that it is fast to render, allowing hugemodelsto
beinspectedwith a decentframerate. Figure14 displaysa screenshotof thesystem,
usingthespace�ll andball-and-stick visualizationmodelsfor renderingamolecule.
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Theribbon modeldisplaysthemolecule's secondarystructureasthin curve-�tted rib-
bons.Thecontinuousribbonrepresentsthepeptideplanesof a residuechain�tted to
thecurve of themolecule's backbone.Themethodof discovering thepeptideplanes
is explainedby Carson& Bugg[24]. Theribbonmodelis essentialfor discoveringthe
secondarystructureof aproteinmoleculeandhenceimplementedby thissystem.

5.4 Not supportedvisualization models

Therearenumerousotherdefactostandardvisualizationmodelsimplementedby sim-
ilar existing software in additionto the onesmentionedin section5.3. This section
examinessomeof the mostcommonlyusedof themandthe reasonswhy they were
not implementedin this work. For this we'll considerthevisualizationmodelsimple-
mentedby RasMol[13], sinceit hassetmany standardsfor molecularvisualization
softwareasit hasbeenaroundlongerthanalmostany othersimilarsolution.

Cartoonis a popularmodelfor visualizingmoleculardatafor presentationsandpro-
motionimaging.In essencethecartoonmodelis a thick ribbon,thatoptionallyhasan
arrowheadto mark the C-termini of beta-sheets.For detailson beta-sheetsandsim-
ilar propertiesof the molecularstructure,refer to Biochemistryby Stryeret al. [6].
Cartoonmodelsdo not addmuchinformationalvalue(exceptthehighlightingof the
beta-sheets)andthereforewereleft out of this implementation.Dots is a modelvery
similar to space�ll in that it visualizestheatomsby creatinga dot surfaceat theVan
derWaalsradiusfrom theatomcenter, thusaddingonly little or noneillustrativecapa-
bilities. Thesamegoesfor HBondsandSSBondsmodels,thathighlight thehydrogen
bondsor disul�de bridgesof the protein moleculewith dottedlines or cylinders –
thereis really little differenceto usingskeletonor ball-and-stick modelswith selective
highlighting.

5.5 Design

Thedesignprocessof this work follows standardapproachesto objectorientedanal-
ysis consideringfunctionalandperformanceaspectsassuggestedby Champeauxet
al. [33]. The goalsare met iteratively with customerfeedbackusedas input after
eachiterationto correctthedirectionof developmentto bettermatchtherequirements
changesof thecustomer.

5.5.1 Classdiagram

This sectionpresentsthe classdiagramusedas the architecturefor this work. The
motivation for using classdiagramsfor illustrating systemdesigncan be found in
section3.4.2. The corestructureof the systemis illustratedin �gure 15 asa class
diagramcontainingthe most importantclasses.The completeclassdiagramcanbe
foundin AppendixA.
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Main

+main(args:String[]): void

ViewerWindow
RenderingCanvas

-molecule: Molecule
+updateScene(): void
+setShadingModel(shadingModel:int): void
+setBackgroundColor(color:Color3f): void
+setGeometryDetailLevel(level:int): void
+setColoringModel(model:int): void
+setMolecule(molecule:Molecule): void

Molecule

+getAllAtoms(): Atom[]
+getChains(): Iterator
+getModels(): Iterator

Residue
-sequenceNum: int
+getName(): String
+getAtoms(): LinkedList
+addAtom(atom:Atom): void
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+getLocation(): Vector3d
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-name: String
+getChains(): Iterator
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VisualModelFactory

+createSpacefillModel(): VisualModeInfo
+createBallAndStickModel(): VisualModelInfo
+createSkeletonModel(): VisualModelInfo
+createRibbonModel(): VisualModelInfo

uses

1

1

Figure15: Simpli�ed classdiagramof thesystemarchitecture.

5.5.2 Usecases

Examplesof usecasesin renderingsoftware,for instance,include“transformmodel”,
“apply lighting”, “modify materialof model”andsoon. Thissectiondescribestheuse
casesimplementedin this systemin detail. TheusecasesarelabeledUC_XX, where
XX is a runningnumber. They arelaterreferencedby that identi�er. Figure16 is the
usecasediagram[27] for thesystem.
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System user

viewer system

import data

transform model

modify model

export data

Exterior system

modify model appearance

Figure16: Usecasesof themoleculeviewer system

UC_01: import data

This usecasedescribestheprocessof theactorpromptingthesystemto opena data
source– typically a �at �le suchasa PDB archive or a proteindatabaseentry– and
readinputdatain orderto view themodelit represents.

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

2. Thesystemconstructsamodeloutof thedata.
3. Thesystemsetsit astheactive,viewedmodel.

ALTERNATEPATH: 2. The systemencountersan error openingthe dataor con-
structingthemodel.
3. An errormessageis relayedto theactor.

POSTCONDITIONS: Inputdatahasbeenimportedinto amodel.
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UC_02: export data

This usecasedescribestheprocessof theactorpromptingthesystemto opena out-
put target – typically a proteindatabaseentryor an intermediate�le format for data
exchangebetweensubsystems– andwrite thedatato.

ACTOR: Systemuseror anexternalsystem
PRECONDITIONS: Thereis anactive viewedmodel.
PRIMARY PATH: 1. Thesystemopenstheoutputtarget.

2. Thesystemwritesthedatain theselectedformat.
POSTCONDITIONS: Outputdatahasbeenwritten.

UC_03: transform model

This usecasedescribestheprocessof the actorinteractively transformingthe active
viewedmodel.An inputdevice(mouse,keyboard)isusedtocontrolthetransformation
method(scale,translation,transformation)andamountof transformation.The input
device's effect (differentmousebuttons,keyboardarrows) dependson thecon�gured
settings.

ACTOR: Systemuser
PRECONDITIONS: Thereis anactive viewedmodel.
PRIMARY PATH: 1. Theactorgivesinput throughacon�guredinputdevice.

2. Thesystemtransformsthemodelaccordingly.
POSTCONDITIONS: Theactive viewedmodelis transformed.

UC_04: modify model

This usecasedescribestheprocessof theactormodifying themodelasby hiding or
showing certainpartsof it. This is neededfor limiting thesubjectof interestto only
thepartsof themoleculetheuser�nds important.

In this context, theemphasizedtermmodeldoesnot refer to thevisual3D modelbut
to a sampledpartof a molecule.Seesection5.5.1for moreinformationaboutmodels
andtheclassModelrepresentingthem.

ACTOR: Systemuser
PRECONDITIONS: Thereis anactive viewedmodel.
PRIMARY PATH: 1. The actorselectsthe desiredmodelin the info dialog for

viewing.
2. Thesystemrespondsby only displayingtheselectedmodel.

POSTCONDITIONS: Only theselectedmodelof theactive viewed moleculeis dis-
played.

UC_05: modify modelappearance

Thisusecasedescribestheprocessof theactormodifyingthematerialproperties– the
appearance– of theactiveviewedmodel.Thechangeshaveeffectonly onthecoloring
propertiesof themodel,sincelighting is constantin thesceneandnotexturingis used.
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ACTOR: Systemuser
PRECONDITIONS: Thereis anactive viewedmodel.
PRIMARY PATH: 1. Theactorselectsnew coloringmodelfrom eitherthecolor-

ing menuor from thecontrol panel.
2. Thesystemappliestheselectedchangesto themodel's ma-
terial.

POSTCONDITIONS: New materialpropertieshave beenapplied.

5.5.3 Changecases

“A changecaseprovidestheability to identifyandincorporateexpectedfuturechange
into a designto enhancethelong-termrobustnessof thatdesign” [34].

Plainly, achangecaserepresentsanticipatedchangesin market,businessrequirements,
or evenlegislativechangescausingmodi�cationsto thesystemdesignand/orfunction-
ality. Anothersourceof futurechangein thedevelopmentprocessis theuserwith new
ideasfor additionalfunctionality.

This sectionlists thechangecasesincorporatedwith this work, taking into consider-
ationthesoftwareprocessusedduring theearlystagesof design& developmentand
interfacingwith theteamworkingontheotherpartsof thesystemasawhole.Eachof
theseareconsideredaspossiblefuturework andtaken into accountwhendeveloping
thesystem.

CC_01: Mark et requirementschange

The areaof businessfor bioinformaticsis rathernew and the direction into which
thesoftwaredevelopmentshouldbesteeredhasnot beenstabilizedyet. This implies
evenverysuddenchangesto whatis actuallyrequiredof apieceof softwaresuchasa
molecularmodelingsystem.

CC_02: Scienti�c �ndings

As new structuresarediscoveredby theresearchersataconstantpace,thesystemmust
beadaptableto thenew constructs.

CC_03: Data format changes

As thecurrentstandard,PDB, is a ratherold andlimited �le format,new alternatives
arebeingdevelopedandlikely taken into commonusewithin a few years.Thesoft-
warearchitectureof thesystemmustbe�e xible enoughto beexpandedwith new �le
formatinterpreterswithout toomuchwork.

5.6 Ef�ciency and optimization

This sectiondiscussesvariousapproachesattemptedin achieving performancegains
by applyingdifferentoptimizationschemesto thesystemstructure.
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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 differentlevelsof geometricdetail. A versionwith
low detail is usedfor faraway objectswhile a onewith high detail is usedfor nearby
objects.In thiswork I hadto abandonthismethodbecauseI endedupusingonesingle
objectto representthewholemodelin orderto win in performanceandmemorycon-
sumption.Becausethereis nopracticalapplicationfor viewing themodelfrom agreat
distance,themethodis of nousehere.A moresophisticatedvariant,“dynamicLOD”
[19] could be used,wereit supportedby Java3D.The methodinvolvesdynamically
improving thegeometricdetailof a certainpart (onefacingthecamera)of an object
anddroppingthe detail whereit is not needed(part facingaway from the camera).
Naturallyit mightbewrittenby hand,but it wouldcauseadramaticperformancedrop
insteadof gainhaving to applyit to alargemodelhaving alot of spheres(atoms)every
frame.

Specialgeometryreductionmaybedonewhenusingthespace�ll visualizationmodel
becausethereare overlappingspheres.A crudebooleanintersection-like removal
operationis donefor theoverlappingobjects,removing any polygonthatis completely
insideanothersphere.Themethodinvolvescomparingeachvertex of eachpolygonin
themodelagainstanothersphere,de�ned by a locationcoordinateanda radiusvalue.
If all theverticesof thepolygonareinsidethesphere,thepolygonmaybediscarded.
Cutting the polygons(actualbooleanintersectionoperation)would be tremendously
slowerandwouldgivenoadditionalperformanceboost,asdrawing polygonsis cheap.
Figure17illustratesthisgeometryreductionfor awatermolecule.Sincethisis aheavy
operationto do– everyatommustbecheckedagainstit' sneighbors– somethingmust
be doneto make it faster. The answeris caching: some90% of atomicbondsin a
moleculeconsistof sametypesof atoms,having sameradiuses.Eachtwo distinct
atomsarealwaysat thesamedistancefrom oneanotherin thebond.This way, every
reductioncalculationbetweentwo certainatomscan be cached,and its result (the
geometry)reused.

5.6.2 Optimizing the scenegraph

Becausethemoleculemodelis a rigid body (noneof it' s partsmaymove in relation
to otherparts),the whole modelmay be usedasa whole sincethereis no needfor
beingable transforma singleatomby itself. This implies it canbe placedentirely
underasingleTransformGroup, thescenegraphnodeusedfor applyinga3D transfor-
mationto a groupof nodes(seesection3.3.4).This requirespre-calculatingtheatom
positioninto thepolygoncoordinatesinsteadof usingthetranslatingTransformGroup,
but this is a trivial operation.Also the centeringof the modelcanbe pre-calculated
into thecoordinates,makingthecenteringtransformobsolete.Omitting thecentering
TransformGroup also, the whole modelcanbe placedundera singleBranchGroup.
Secondly, sincethereis only oneobject,thereneedsto be only oneof Shape3Dand
Appearancenodesrequiredto describea visualobject. Sincebothof themarerather
complex objects,they alsohave a large memoryfootprint, thusfurther reducingthe
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Figure17: Watermoleculewith geometryreductionappliedto the hydrogenatoms
andtheoxygenatomrenderedwith 40%transparency.

memoryusageby a signi�cant amount. For explanationsfor the nodeobject types,
referto section3.3.4.Moredetaileddiscussionabouttheseobjectsis availablelaterin
thissection.Thetotalnumberof bytessavedis shown by equation2. For explanations
of thecoef�cients usedin theequation,seetable5.
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Symbol Meaning
>LK

Numberof bytes
M NPO Sizeof aTransformGroupobject,in bytes

>

. Numberof atomsin molecule
M8.

E�E Sizeof anAppearanceobject,in bytes
M

BTSU.

EUV Sizeof anShape3Dobject,in bytes

Table5: Explanationsfor symbolsin equation2

Assuminga Java3D implementationhaving the naive values MWNPO = 200, MX.

E�E = 300,
M

BTSU.

EYV = 100 anda moleculewith
>

. = 2000, the numberof saved Java object in-
stancesis 1 + 2000+ 1999+ 1999= 5999and

>ZK

= 1172kB.While this numberof
bytesprobablyis a low estimateas the Java objectsin questionarequite large (see
[32]), it shouldbekept in mind thatthenumberof theobjectsis moreimportantthan
thenumberof bytesthey takeup. Thesolereasonfor this is Java's automaticmemory
deallocatingvia garbagecollectionsubsystem,which is run periodicallyby theJava's
virtual machine. Whenthegarbagecollector�nds anobjectwhich no longerhasany
exterior referencesto, theobjectis deallocatedandit' s referencesto otherobjectsare
markedinvalid, to furtherallow themto bedeallocated.While this mayimplemented
by a rathersimpleroutine, it is a lengthyprocessandprocessingmultiple thousand
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objectsthis way cantake a lot of time. The time taken by the garbagecollector to
deallocatetheseobjectsshows asa brief performancedrop in the restof the threads
in the virtual machine and is mostunwelcomein a userinterfacesoftware, in spite
of whetherthepausecausedby thetemporaryheavy processingwould beonly a few
seconds.

In addition to achieving lower memoryconsumption,droppingthe obsoleteTrans-
formGroupnodesgivesaperformanceboostdueto fastertraversalof thescenegraph.
Visiting anoderequiresfetchingthenodedatafrom memory, andwhentherearemany
nodes,they all cannot�t into thecacheandmustberetrievedfrom RAM. Thisis avery
slow operation.Also theobjectsundera TransformGroupnodemusttransformedby
thegroup's transform,andthis requiresa 4-by-4matrix multiplication,which means
16 �oating point multiplications. For a systemthat canperform this calculationin
hardware(seeTransformation& Lighting, section3.3.2)theeffect on performanceis
small,but for a systemwherethecalculationneedsto bedonein software,theeffect
maybetremendous.Thedrawbackto this methodof fusioningall thegeometricdata
into onesingleobjectis thatpicking a singleatomby theregularmeansis no longer
possible,but thereis aworkaround,makingthisoptimizationfeasible.

Figures18 and19 displaytheunoptimizedandoptimizedscenegraphs.Thesymbols
usedin thegraphsareexplainedin table6. Thestandardnodesaddedby Java3D–such
asview platform,view, Canvas3DandScreen3Dhavebeenomittedfor simplicity. See
Java3DSpeci�cation[32] documentationfor informationon thestandardnodes.The
scenegraphspresentedbelow are for space�ll / ball-and-stickvisualizationmodels,
sinceonesusedfor the two other modelsare straightforward to implementwith a
simplescenegraph. For explanationsfor symbolsusedin the scenegraphdiagrams
seetable6.

VirtualUniverse

Locale

BG Visuals
BGNon-visuals

DL

S

BDAL

TG

TG

Model centering

S

TG

S

TG
Atom positioning

...

Atoms

BManipulator

Figure18: Unoptimizedscenegraphfor space�ll / ball-and-stickvisualizationmodels.
Thereis aTransformGroupfor eachatom,andeachatomis aseparateobject.
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VirtualUniverse

Locale

BG Visuals
BGNon-visuals

DL SBDAL MoleculeBManipulator

Figure19: Optimizedscenegraphfor space�ll / ball-and-stickvisualizationmodels.
Thewholemoleculeis representedby asingleobjectandthereis noneedfor centering
/ positioningTransformGroupsbecausepre-translatedcoordinatesareused.

Symbol Meaning
BG BranchGroup,a rootof ascenegraphbranch
TG TransformGroup,a transformedgroupnode
AL Ambientlight, directionlesslight source
DL Directionallight for improving senseof three-dimensionalityin

therenderedmodel
BD Backgroundnodefor changingthecolorof thebackground
B Behavior nodefor manipulatingthemodelwith mouse
S Shapenode. Either a single atom (unoptimizedgraph)or the

entiremoleculemodel(optimizedgraph).

Table6: Explanationsfor symbolsin �gures 18 and19

Anotherspotwhereit would bepossibleto spareobjectsis theallocationof Appear-
ancenodes. An Appearancenode is a propertyrecord– a Java object in Java3D
– that describesthe characteristicsand visual attributes suchas “material” (ambi-
ent/diffuse/specularcolor, shininess)andtransparency settingsof an object. Java3D
doesnot specifywhetherthemethodjavax.media.j3d.Shape3D.setAppearance() allo-
catesanew Appearanceobjector usestheonegivenasanargumentby reference,but
if it is usedby reference– asit mostlikely is – thepossibilitiesfor reuseof Appearance
instancesis obvious for objectswith similar visual attributes. As this is commonin
molecularvisualizationapplications,oneinstancecanbe usedfor every singleatom
with thesamecolor. Atomshave thesamecolor for examplein theCPK model(see
section3.2.5). This, again,only appliesto space�ll/ball-and-stick visualizationmod-
els.
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5.6.3 Optimizing Java

Therearea few commongenerictricks in optimizingany Java software.Following is
a listing of thestepstaken in coveringthemostcrucial issuesin thatarea,explaining
how theoptimizationis implementedandhow it affectstheprogram�o w. In addition
to Java speci�c issues,standardprogrammingparadigmsareconsidered.

� Avoid “pooling” objects.Poolingobjectsmeansstoringreferencesto reusable
objectsandthereforemakingit possibleto avoid thecostlyoperationof allocat-
ing memoryfor suchobjectsevery timeoneis needed.Thisapproachdisallows
Java's garbagecollectorto deallocatetheobjects,but it still hasto keeptrackof
theobjectreferences,thereforeslowing it down agreatdeal.

� Useof theSingletondesignpattern.Insteadof instantiatinganutility classevery
time oneis needed,a Singletoninstancecanbeusedto gainperformanceboost
andavoid memoryfragmentation.For informationabouttheSingletonpattern,
seesection3.4.1.

� Avoidingsynchronization.Synchronizationbetweenthreadsiscostly, andthere-
fore shouldbeavoidedwhenpossible.In a graphicsuserinterfacebasedsoft-
ware,synchronizationisn't neededunlesssomebackgroundprocessingis re-
quiredto berun in anotherthreadoutsidetheGUI eventhandlingthread.Also
having externalinterfacesaddtheneedfor synchronization.
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6 Analysis

Thefollowing sectionsdescibethetestingenvironmentandanalysisof theresultsand
conclusionsdrawn basedon theresults.

6.1 Testingenvir onment

For testingandmeasuringtheperformanceof thesoftwaretwoseparatehardwarecom-
binationswith differentcapabilitieswereusedto beableto pointoutpossiblearchitec-
turerelatedproblemsin theperformanceaswell aspossible.A window with resolution
of 1024x 768pixelswasusedfor renderingthemodelsundertheperformancetester.
Tables7 and8 show the hardwareandsoftwarecon�gurationsof the testmachines
machine1andmachine2(referredwith thesenameslaterin thetext).

CPU Intel Celeron2933MHz
RAM 640MBPC133
Video nVidia GeForce44600Ti (hasTransformation& Lighting)
Screen Resolution1024x 768
Disk IBM Deskstar30GB 7200rpm
OS RedHatLinux 7.3w/ kernel2.4.18-3
HW API OpenGL1.3.1NVIDIA 31.23
Java J2SE1.4.2_01+ Java3D1.3.1for OpenGL

Table7: Hardware/ softwarecon�guration for testmachine1, theprimarydevelop-
mentandtestingmachine.

CPU Intel Pentium31133MHz
RAM 260MBPC133
Video Intel 830M(noTransformation& Lighting)
Screen Resolution1024x 768
Disk 30GB 5400rpm
OS MicrosoftWindows 2000Professional
HW API DirectX 9
Java J2SE1.4.2_01+ Java3D1.3.1for DirectX

Table8: Hardware/ softwarecon�guration for testmachine2, theauxiliary testma-
chine.

6.2 Testdata

Severaldatasetswereusedfor testingthesoftwareandits performance.Moleculesof
differentsizeswereimportedwith thesamegeometriccomplexities, to achieve awide
rangeof visualmodelswith differentobjectandpolygoncountsto be measuredand
compared.Thegeometryresultingin the following numberswasgeneratedwith the
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“space�ll” visualizationmodel.“Space�ll” model,asthemostcommonlyusedmolec-
ular visualization,is usedthroughoutthetestingunlessstatedotherwise.Thespheres
representingtheatomsarecreatedwith detail level of 128polygonspersphereasex-
plainedin thesection4.4.1. This methodis usedthroughoutthesoftwarefor sphere
creation.All modelsarestripi�ed (seesection3.3.6).Datasets(tables9 through20)
representthe propertiesof datacreatedfrom four selectedmoleculeswith different
stagesof optimization. The datasets1a through4a representthe unoptimizeddata,
datasets1bthrough4brepresentthedatawith scenegraphoptimizationsanddatasets
1c through4c representdatawith bothscenegraphandgeometricoptimizations.

6.2.1 Unoptimized

Thefollowing datasetsrepresenttheoriginalgeometrywithoutapplyingthereduction
operations.Scenegraphrelatedobjectoverheadis includedasthe countsof objects
TransformGroupandAppearance.

Moleculeclassi�cation(PDBID) Plantseedprotein(1CRN)
Numberof atoms 327
Numberof polygons 41856
Numberof vertices 49050
# TransformGroup 328
# Appearance 327

Table9: Dataset1a.

Moleculeclassi�cation(PDBID) DNA-bindingregulatoryprotein(1BHI)
Numberof atoms 589
Numberof polygons 75392
Numberof vertices 88350
# TransformGroup 590
# Appearance 589

Table10: Dataset2a.
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Moleculeclassi�cation(PDBID) Cytokine(1ITF)
Numberof atoms 2698
Numberof polygons 345344
Numberof vertices 404700
# TransformGroup 2699
# Appearance 2698

Table11: Dataset3a.

Moleculeclassi�cation(PDBID) Oxygenstorage/ transport(1C7D)
Numberof atoms 4396
Numberof polygons 562688
Numberof vertices 659400
# TransformGroup 4397
# Appearance 4396

Table12: Dataset4a.

6.2.2 Optimized scenegraph

Thefollowing datasetsrepresentthevisualizationswith optimizedscenegraph.Scene
graphrelatedobjectoverheadis includedasthecountsof objectsTransformGroupand
Appearance.

Moleculeclassi�cation(PDBID) Plantseedprotein(1CRN)
Numberof atoms 327
Numberof polygons 41856
Numberof vertices 49050
# TransformGroup 1
# Appearance 1

Table13: Dataset1b.
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Moleculeclassi�cation(PDBID) DNA-bindingregulatoryprotein(1BHI)
Numberof atoms 589
Numberof polygons 75392
Numberof vertices 88350
# TransformGroup 1
# Appearance 1

Table14: Dataset2b.

Moleculeclassi�cation(PDBID) Cytokine(1ITF)
Numberof atoms 2698
Numberof polygons 345344
Numberof vertices 404700
# TransformGroup 1
# Appearance 1

Table15: Dataset3b.

Moleculeclassi�cation(PDBID) Oxygenstorage/ transport(1C7D)
Numberof atoms 4396
Numberof polygons 562688
Numberof vertices 659400
# TransformGroup 1
# Appearance 1

Table16: Dataset4b.
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6.2.3 Optimized scenegraph and geometry

Thelastdatasetsfeaturebothscenegraphandgeometricoptimizations.Scenegraph
relatedobjectoverheadis includedasthecountsof objectsTransformGroupandAp-
pearance.

Moleculeclassi�cation(PDBID) Plantseedprotein(1CRN)
Numberof atoms 327
Numberof polygons 11468
Numberof vertices 34458
# TransformGroup 1
# Appearance 1

Table17: Dataset1c.

Moleculeclassi�cation(PDBID) DNA-bindingregulatoryprotein(1BHI)
Numberof atoms 589
Numberof polygons 16920
Numberof vertices 50761
# TransformGroup 1
# Appearance 1

Table18: Dataset2c.

Moleculeclassi�cation(PDBID) Cytokine(1ITF)
Numberof atoms 2698
Numberof polygons 75565
Numberof vertices 226696
# TransformGroup 1
# Appearance 1

Table19: Dataset3c.
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Moleculeclassi�cation(PDBID) Oxygenstorage/ transport(1C7D)
Numberof atoms 4396
Numberof polygons 152639
Numberof vertices 457917
# TransformGroup 1
# Appearance 1

Table20: Dataset4c.

6.3 Performancemeasurements

Severalmetricswereusedfor measuringthestraightforwardperformanceof thesoft-
ware,of which four werechosento bediscussedhere.

6.3.1 Frame rate measurements

Raw frame rate (FPS)measurementswere madeto �nd out the effect of different
optimizations.Resultswereencouragingalthoughtheframerategainwasexpectedly
marginal dueto thepossibilitiesof by-handoptimizationof suchsoftware. BestFPS
ratefor a singleframeandaverageFPSratearegiven. WorstFPSrateisn't feasible
becauseof the Java's garbagecollector, that might in�ict occasionalshortfreezesto
thevirtual machineoperation,resultingin unrealisticallylow FPSratesfor theframes
drawn duringthefreeze.Thetestingwasdoneautomatedlywith anauxiliaryprogram
writtenfor thepurpose.Thepolygonalmodelwasviewedin awindow of size1024by
768pixels,�tted in a suchway thatthewholemodelwasentirelyvisible at all times.
Themodelwasrotatedaroundit' s localY axisandthetime to rendereachframewas
calculated.The averageFPSrating wascalculatedfor 10000renderedframes. The
modelsusedwerestaticandno dynamicalterationssuchasthelevel-of-detailmethod
wereused.Table21 displaystheresultsof theframeratetestruns.

Dataset Machine Framesrendered AverageFPS BestFPS
Dataset1a Testmachine1 1000 47.29 50.00

Testmachine2 1000 31.18 38.21
Dataset2a Testmachine1 1000 27.08 28.57

Testmachine2 1000 17.16 20.00
Dataset3a Testmachine1 1000 5.98 6.12

Testmachine2 1000 4.00 4.13
Dataset4a Testmachine1 1000 5.87 5.89

Testmachine2 1000 2.64 2.67

Table21: Frameratemeasurementfor datawithoutoptimizations.
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Dataset Machine Framesrendered AverageFPS BestFPS
Dataset1b Testmachine1 1000 355.38 372.65

Testmachine2 1000 45.51 50.0
Dataset2b Testmachine1 1000 263.12 274.12

Testmachine2 1000 26.15 32.36
Dataset3b Testmachine1 1000 65.72 67.85

Testmachine2 1000 5.09 5.20
Dataset4b Testmachine1 1000 26.32 28.57

Testmachine2 1000 3.50 3.92

Table22: Frameratemeasurementfor datawith scenegraphoptimizations.

Dataset Machine Framesrendered AverageFPS BestFPS
Dataset1c Testmachine1 1000 436.51 457.53

Testmachine2 1000 58.3 77.78
Dataset2c Testmachine1 1000 355.75 375.90

Testmachine2 1000 38.96 50.00
Dataset3c Testmachine1 1000 112.07 114.52

Testmachine2 1000 8.67 10.00
Dataset4c Testmachine1 1000 56.45 57.07

Testmachine2 1000 4.74 4.79

Table23: Frameratemeasurementfor datawith bothscenegraphandgeometricopti-
mizations.

Figures20 and21 displaytheperformancedifferencesbetweenunoptimizedandop-
timized datasets. The full sizeversionsof these�gures canbe found in Appendix
B.
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Figure20: FPSratemeasurementsfor testmachine1.

Becauseof its Transformation& Lighting capablegraphicsprocessor, thetestmachine
1 hasalmostlinearperformancedropin relationto thegrowing geometriccomplexity.
Whenscenegraphoptimizationsareapplied,theperformanceof thesystemskyrock-
ets,which wasnot expected– at leastnot in this magnitude.This is mostlikely due
to the fact thatOpenGLis soheavily built on scenegraphs.Removing all redundant
TransformGroupnodeseliminatesalot of work from therenderer, resultingin remark-
ably goodframerates.Finally, applyingremoval of redundantgeometrybringsonly
little valueto theoverall framerateasthesystem– beingTransformation& Lighting
capable– is not allergic to sceneswith a lot of polygons. The achieved framerates
arein practicegoodenoughto work with; no furtheroptimizationswouldberequired,
althoughprobablymorethanwelcomein the futurewhenlarger andlarger datasets
arebeinginspectedwith theviewer software.
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Figure21: FPSratemeasurementsfor testmachine2.
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Thetestmachine2 performspoorly oncethenumberof verticesin thescenestartsto
climb to countsof over 100000.For smallmodelsit almostreachedtheframerateof
the testmachine1 dueto it' s fasterCPU.But asthevertex countgetslarge enough,
the CPU cannothandleit anymoreandthe frameratestartsto drop underthe point
wherethe software really no longercanbe considereda real-timevisualizer. Intro-
ducingscenegraphoptimizationsbroughtapproximately30%increasein processing
power. This, too, wasfar morethanwasexpected,althoughnot asdazzlingthanthe
performancegain for test machine1. Geometricoptimizationsbroughtabout25%
moreef�ciency, placingwith theresultingtotalperformanceata level abouttwice the
performanceof theunoptimizedversion.If it wasrequiredto make thesoftwarework
moreef�ciently on low endmachineswithout hardwareTransformation& Lighting,
geometricoptimizationswouldclearlybethestrategy of choice.

6.3.2 Loading times

As variousstaticoptimizationsareappliedto thedatawhencreatingthevisualobjects
out of themoleculardata,thedelaysloadingthemodelincrease.Figure22 shows the
loadingtimesfor the differentdatasets. All the timings weremeasuredon the test
machine1. Data“loading” refersto the systemusecaseUC_01de�ned in section
5.5.2.

Unoptimizedloadingof thedatainvolvesmerelyreadingthesource– usuallya PDB
�le – and addingdataelementsto the visual structureas we go along, resultingin
almostlinear loadingtimes. Althoughwhenprocessinglarge datasets,thereis need
to reallocatea numberof internalbuffers to handlethe increaseddatasize. This is
a somewhatcostlyoperation,andthereforethereis a performancedropevery time a
giventhresholdis exceededin thedatasize.

Adding optimizationto the scenegraph involves merely transformingeachsphere
(atom) to its location in object spaceand afterwardsconstructingthe moleculeob-
ject, usingthecoordinatesof eachof theatomsin a sequentialorder. While this is a
strenuousoperation,it is a linearone,thusaddingnomorethana tadto thecostof the
unoptimizedloading.As theinitialization of N (N representingthenumberof atoms)
TransformGroupsis skipped,this versionmight even be fasterthanthe unoptimized
one,dependingon theimplementationof theTransformGroupinitializationcode.

Geometryoptimizationrequirescomparingeachcoordinateof eachsphere(atom)
againsteachof its neighboringspheres. “Neighboring” spherescan be considered
to beall theotheratomswith whichacertainatomhasabondwith. As thisprocessis
extremelycomputatively intensive andrequiresa lot of memoryallocationanddeallo-
cationasvarioustemporarymemorybuffersarerequired,theloadingtimestendto rise
fastwhentheamountof thespheres(atoms)increases.Naturallyusingbetterresolu-
tion for thespheres(moretrianglesto representevery sphere)addsto theprocessing
cost,but merelylinearly.

Applying cachingto thegeometryoptimizedloadingaddscomplexity to thealgorithm
alongsidewith a small overheadmemoryfootprint, but reducesthe processingtime
immensively aswell astheneedfor temporarybuffers,astheircreationmaybeskipped
every time a cachedentryfor a particularbondalreadyexists. Sincein practicethere
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areonly a coupleof differentcombinationsof atomstakingpart in a bond,thecache
remainssmallandthe lookupsarefast. Nearly95%of thebondsof usualmolecular
bondsareeffectively cached,theloadingtimesarenearlylinearfor acachedsolution.
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Figure22: Loadingtimesfor thedatasetson testmachine1.

Thefull sizeversionof this �gure canbefoundin AppendixC.

6.3.3 Hotspot analysis

A hotspotanalysiswasmadeto inspecttimingsof differentpartsof theprogram.The
analysiswasmadeusingtheJava's standardhprofJVMPI (JavaVirtual MachinePro-
�ling Interface[35] pro�ler for gatheringthe dataandPerfAnal [36] for visualizing
theresults.Two primaryactionsweretimed: loadingthedata(usecaseUC_01)and
transformingthemodel(usecaseUC_03).While usefuldatawasgatheredfor the�rst
one,thelatterjustshowedtheobviousthat95%of thetimewasspentin native library
functions.Datafrom the�rst onewill beusedto improve thedataloadingef�ciency
in futuredevelopment.

6.4 Memory consumption

A speci�c lightweightpro�ler program(“mprof”) waswrittenfor analysisof themem-
ory consumptionduring runningthe visualizationsoftware. This wasnecessarybe-
causeJava's standardpro�ler hprof is ratherheavy, affecting the software's perfor-
mancetoo much. With the lightweight pro�ler it was possibleto extract memory
consumptiondataby meansof inspectingclassloading,objectinstantiationanddeal-
locationeventssentby the pro�ling framework. The resultsweregatheredper run
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andcompared.A cleardistinctionbetweenoptimizedandunoptimizedversionsof the
softwarewerefoundastheheavyweightTransformGroupnodescouldbeomitted.
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7 Conclusion

Representingpolygonal3D modelsef�ciently in realtimehasbeenanissueeversince
theconceptof 3D renderinghasbeenaround.Theprocessinvolveslargeamountsof
heavy mathematicalcalculationfor eachframedrawn, aswell as large memorybus
throughputwhenit comesto texturing andhigh level optimizationssuchasreal time
geometriccomplexity reductionof objects.In orderto producesmoothanimationof
the3D world, optimizationsalongthe way arerequired.For rathersimpleobjects–
with a vertex countbelow 10000or so – the optimizationprocessprimarily focuses
on two things: having an ef�cient matrix multiplier for the rotationsandvery tight
codefor therasterizer, whichdoesestimatedlysome90%of thetotal computationfor
sucha environment. As this is all doneon hardwareon modernrenderers,thereis
nothingmuchto do for theprogrammerto addto theperformanceof thesystem.But
for systemshaving a requirementof beingableto giveadequateperformanceevenfor
datasetsproducingmodelsaslargeas100000verticesor oftenmore,thereis needfor
alternative optimizationsasthehardwarewill ultimatelyrun out of processingpower
asthenumberof geometriccomplexity increases.

Theobjective of this work wasto designandconstructa molecularmodelingsystem
capableof displayinglarge amountsof dataas3D modelsandoffering a reasonable
frame rate for enabling�uent userinteractionincluding transformingand selecting
partsof thedatamodelin variousways.Theamountof datato bedisplayedby thesys-
temwould befrom rathersmallmoleculesof sizesfrom a few hundredatomsto ones
with sizesup to many thousandmolecules,producingvertex countsof some30000to
400000or so,respectively. Eventhecrude,�rst versionsof thesoftwarewereableto
manipulatethepolygonalobjectsresultingfrom loadingthesmallestmoleculeswith
a very framerate,but theframeratedroppedfasterthanlinearly astheobjects'com-
plexity grew, asexpected.It wasclearthatthemainfocusof thesystemoptimization
shouldbe on maximalreductionof the geometricdetail, eitherstaticallyuponload-
ing thepolygonmodel,or on-the-�y whenpossible.After studyingvarioussourcesof
OpenGLoptimizationtips,it startedto getobviousthatalsothe“invisible” thingssuch
asthescenegraphhadamajorimpacton theoverall performanceof thesystem.

The objectivesof this work weremet with satisfyingsuccess.As the graphsin sec-
tion 6.3.1 show, the frame rate differencesin the systembetweenunoptimizedand
optimizedimplementationareastonishing.The curiousthing with scenegraphopti-
mizationswasthedifferenceof performancegainbetweenthe testmachines;that is,
betweenOpenGLandDirectXenvironments.While theOpenGLonegainedanenor-
mousamount– becomingmultipledozentimesfasterfor largedatasets– theDirectX
oneonly got minor additionsto the performance.This is most likely a direct con-
sequenceof the fact that OpenGLis stronglybasedon scenegraphs.All in all, the
runtimeperformancegainsturnedout to be far greaterthanever anticipated,but the
dataloadingtimes(section6.3.2),on theotherhand,far worsethananticipatedeven
thoughsomeeffort wastakenin orderto optimizetheloadingprocess.Measurements
show, though,that morethan60% of the time spentloadinga dataset into a visual
model is spentinsideJava3D's own methods.Thereappearsto be severeproblems
with theLinux implementationof Java3Dtoo; all too muchtime – seconds,even– is
spentwaiting for synchronizationlocksagainstthenative rendererthreadswhentry-

59



ing to insertanew live scenegraphinto thesystem.On theWindows implementation
therewerenosuchdelays.

With the performanceresultsachieved and the visualizationsystemproduced,the
goalsof this work andthesoftwareprojectrelatedto it areconcludedto beachieved.
Thestudyandimplementationrelatedto this work wasvery interestingasit featured
many 3D graphicsrelatedrenderingandoptimizationtechniquesunfamiliar to meand
offered challengesin various�elds of expertise. Building and optimizing the sys-
temwasa greatlearningexperience,during which I stumbledacrossinvaluablenew
sourcesof informationregardingthe topicscoveredby this work, hadconversations
interestingpeopleboth online andin real life andgainedskills usingtoolsandtech-
nologiesI wasnotevenawareof.
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8 Futur e work

As themainobjectiveswerecompleted,themostworkonthesystemwill focusoutside
the scopeof this work; it needsto be modi�ed to acceptremotedatafeeds,better
picking andbetteruserinterface. Also theusecasesUC_04andUC_05(seesection
5.5.2),left out from thesystemat thisstage,probablyneedto beimplementedatsome
point. The changesin requirements(asde�ned by the changecasesCC_01through
CC_03in section5.5.3)will mostlikely in�ict iterativework to matchnew marketand
technologicalrequirementsin theindustry.

Two main thingsremainedunsatisfyinglycompleted:�rstly the needfor large tem-
porarymemorybufferswhile loadingthedata,andsecondlytheoverall performance
of thedataloadingsystem.In its currentstate,the loadingof a 3000-atommolecule
might take on a systemequivalentto thetestmachine1 in section6.1almost4-5 sec-
onds,whichclearlyis toomuchfor theusageexperienceof thesoftwareto bepleasant.
Someforwardstudywasmadeto solve theseissues,andit probablywouldbepossible
to applya cachingto not only thegeometricreductionoptimizationprocess,but also
to predictthediscoveryof thecovalentbondingbetweentwo atomsasusuallyany two
certainatomsin a residuehave the samedistancefrom another, which would result
in cacheablebondingproperties.Using this information,precedingbondscould be
calculatedfor free. As the bondconstructionrequiressometime consumingmathe-
maticaloperationsassquarerootcalculation,thiscouldaddupto beagreattimesaver
in theloadingprocess.
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