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Abstract

Theexponentialgrowth of theInternetandits multimediacousin,theWorld WideWeb(WWW),
hasgivenbirth to many new toolsandapplications.Two of thosetoolsaretheplatformindependent
network programminglanguageJavaandthe3D graphicsstandardfor theInternet,theVirtualReality
ModelingLanguage(VRML). Combiningthesetwo toolsallows thedescriptionandexplorationof
rich,distributed,andinteractive3D scenesthatareembeddedinto andlinkedto theWorld WideWeb.

TheVRwave VRML97 browseris written largely in Java andis freely availablein sourcecode.
A Java layeratopOpenGLprovides3D graphicsoutput.VRwavealsosupportstheJavaExternalAu-
thoringInterface(EAI), allowing communicationbetweenVRML scenesandexternalJavaprograms.
This thesispresentsaninsidelook into theimplementationof VRwave’s renderingfunctionalityand
Java EAI support.





Kurzfassung

Das exponentielleWachstumdes Internetsund seinesMultimedia-Dienstes,desWorld Wide
Web (WWW), brachtedie Entwicklung vieler neuerTechnologienund Anwendungenfür dieses
neueMedium mit sich. Zwei der wichtigstenEntwicklungender letztenJahreauf diesemGebiet
sinddieplattformunabḧangige ProgrammierspracheJavaunddieVirtual RealityModelingLanguage
(VRML), die zum Standardfür die Beschreibung von dreidimensionalenObjektenund Szenenim
Internetwurde.Mit Hilfe dieserbeidenEntwicklungenkönnensehrumfangreicheunddetailierte,in-
teraktive3D Umgebungendefiniertwerden,dievollständigin dasWorld WideWebintegriertwerden
können.

VRwave ist ein VRML97 Browser, der größtenteilsin Java geschriebenist und der auchals
Sourcecodeerḧaltlich ist. Die 3D-Grafikausgabeerfolgt mit Hilfe von OpenGL,dessenFunktionen
über dasNative CodeInterfaceauchin Java verfügbarsind. VRwave bietet auchUntersẗutzung
für dasJava ExternalAuthoring Interface(EAI), dasdie KommunikationzwischenVRML Welten
und externenJava Programmenermöglicht. In dieserDiplomarbeitwird die Implementierungder
Renderingfunktionen undderJava EAI Untersẗutzungfür VRwavebeschrieben.





I herebycertify that theworkpresentedin this thesisis myownandthatworkperformedbyothers is
appropriatelycited.

Ich versichere hiermit, dieseArbeit selbsẗandig verfaßt,andere als die angegebenenQuellenund
Hilfsmittelnicht benutztundmich auch sonstkeinerunerlaubtenHilfsmittelbedientzuhaben.
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Chapter 1

Intr oduction

Thedreamof “CyberSpace”,anelectronicenvironmentwheretheworld’s wisdomanddatacanbe
browsedatwill, is in theprocessof becomingreality. Duringthelastyears,anumberof key technolo-
giesandtoolshavebeenintroduced,sothatafew pioneershavealreadystartedto turnthisdreaminto
reality. Chapters2 to 5 of this thesisgive anoverview over thesetechnologiesandtools. Chapters6
to 9 describethearchitectureof theVRwaveVRML97 browseranddiscussimplementationdetailsof
partsof its functionality, includingrenderingfunctionsandJavaExternalAuthoringInterfacesupport.

Onecrucial requirementfor realizinga global 3D informationspaceis a worldwide computer
network. With theexplosive growth of theInternetandits multimediacousin,theWorld Wide Web,
it wasa reasonabledecisionto usethemastheessentialtechnologicalfoundations.Chapter2 takes
a look back to the origins of the Internetand describesits protocols,its addressingscheme,and
the “classic” services.Afterwardsit takesa closerlook at the todaysmostcommonlyusedservice,
the World Wide Web, which hasbecomea synonym for the Internetin the meantime. It addeda
new serviceto accesshyperlinkedmultimediadocumentsandintroducedfor thefirst timeconsistent
andabstractmechanismsto accessall othertypesof services.The lastpartof Chapter2 dealswith
Java, a platformindependentnetwork programminglanguage,which is usedto implementdynamic
behaviour of the3D environment.

To view the3D environment,browsershave to beimplementedfor awiderangeof computerand
operatingsystemplatforms. Browsersoftware developmentis basedon standardised3D graphics
libraries.Chapter3 givesanoverview of themostcommonlyusedlibraries,takinga look at widely
accepted,low-level libraries,suchasOpenGLaswell asat recentdevelopmentssuchastheJava 3D
API, whichprovidesplatformindependent3D graphicsprogrammingwith ahighlevel of abstraction.

Considerationsabouthow to integrate3D scenedescriptioninto existingInternetandWorld Wide
Webprotocolsandlanguagesshowedverysoon,thatthisapproachwascompletelybeyondthecapa-
bilitiesof theexistingtechnologies.Thisleadto thedevelopmentof anew scenedescriptionlanguage,
anequivalentto World WideWeb’sHTML, whichwascalledtheVirtual RealityModelingLanguage
(VRML). Chapter4 reviews VRML’s developmentup to VRML97, which wasacceptedby the In-
ternationalOrganizationfor Standardizationasan internationalstandardin 1997,anddiscussesthe
basicconceptsof thelanguage.It alsotakesa look atcommonlyusedVRML browsersandtools.

TheExternalAuthoringInterfacespecifiesasetof functionsthatcontrolcommunicationbetween
a VRML browserandanexternalapplication.Althoughtheearlyproposalswerenot includedinto
thefinal VRML 2.0specification,discussionscontinuedandled to thepublicationof a proposalof a
Java basedexternalinterfaceto VRML browsersin late1996,which wasimplementedin a number
of VRML browsersandbecamea pseudo-standardthis way. Chapter5 describesthe fundamental
interfaceconceptsof thisproposalandits integrationinto theVRML97 eventmodel.Finally it takes

1



2 CHAPTER1. INTRODUCTION

ashortoutlookon thefuturedevelopmentof theEAI.

Chapter6 andthesubsequentchapterspresentaninsidelook into theVRwaveVRML97 browser,
which is written largely in Java. Chapter6 describesthearchitectureof VRwave,giving anoverview
over the internalclassstructure,discussingscenegraphrepresentation,the ‘pw’ VRML97 parser
package,and event processing.It alsodescribesnative coderenderingfrom Java, and VRwave’s
communicationwith the Web. Finally, it givesa shortoverview over VRwave’s userinterfaceand
navigationalmodes.

Chapter7 discussesdetailson the implementationof renderingfunctionalityof VRwave, which
includesmostof the VRML nodesthat canbeseenin somecontext with renderingaspects.These
nodesare true geometrynodes,suchasExtrusionor IndexedFaceSet,aswell as texture mapping
nodesor groupingnodeswith specialbehaviour, suchasLOD or Billboard. The implementationis
donemostly in Java with only low-level renderingfunctionsandvery time-consumingcalculations,
suchasnormalvectorcalculationor polygontriangulation,written in native C codefor performance
reasons.This reducesthe effort to port it to a wide rangeof hardwareandoperatingsystemplat-
formsto aminimum,while mostotherVRML browsersareonly availablefor oneparticularplatform
(in most casesMicrosoft Windows). The cost for the high portability is a certainloss of perfor-
mance,which is gettingsmallerwith thedevelopmentof fasterJava runtimeenvironments(“virtual
machines”).

Chapter8 takesacloserlook ontheimplementationof JavaExternalAuthoringInterfacesupport
for VRwave. While mostotherVRML browserswit Java EAI supportallow only communication
with Java appletsin thesameHTML documentthatembedstheVRML world, VRwave’s Java EAI
canbeaccessedby any Java appletor standaloneapplication.

Chapter9 demonstratesuseof theJava ExternalAuthoringInterfacein practice.Thediscussed
exampleconsistsof arathersimpleJavaappletandasmallVRML sceneandletstheuserexplorethe
effectsof theJava EAI methodson theexamplesceneinteractively.



Chapter 2

The Inter net, the Web,and Java

This chapterintroducesthebasictechnologiesof theInternetandits mostpopularandmostwidely
usedservice,theWorld WideWeb. It brieflyoverviewstheoriginsof thesetechnologiesanddiscusses
their evolution andsomeof themotivationsfor their development.Thelastpartof this chapterdeals
with Java,aplatformindependent,object-orientedprogramminglanguagewhich is stronglyoriented
towardtheInternetandtheWorld WideWeb.

2.1 The Inter net

The Internethasrevolutionisedthe computerandcommunicationsworld like nothingbefore. It is
at oncea world-wide broadcastingcapability, a mechanismfor information dissemination,and a
mediumfor collaborationandinteractionbetweenindividualsandtheircomputerswithout regardfor
their geographiclocation.

TheInternetnow connectsabout37 million computersandthegrowth rateis still around100%
per year. The numberof its regular usersis estimatedat around150 million. As thesestatistics
point out the immensesocialandeconomicsignificanceof the Internet,moreandmorebusinesses
arerealisingandtakingadvantageof thisenormouspotential.

2.1.1 The History of the Inter net

In the mid-1960s,at the heightof the Cold War, the US Departmentof Defencewantedto build
up a network thatcouldwithstandpartial fallout of nodesduringa nuclearwar. Traditionalcircuit-
switchedtelephonenetworkswereconsideredtoovulnerable.To solve thisproblem,theDepartment
of Defenceturnedto its researchinstitutionARPA, theAdvancedResearch ProjectAgency. ARPA
hadno scientistor laboratories,it did its work by issuinggrantsandcontractsto universitiesand
companies.

Severalgrantswentto universitiesfor investigatingtheideaof packet switching,whichhasbeen
suggestedin a seriesof paperspublishedin the early 1960s. After somediscussionswith various
experts,ARPA decidedthat the network the Departmentof Defenceneededshouldbe a packet-
switchednetwork usingautomaticrerouting.TheARPANET wasborn.

In November1969 two host computers,one at the University of California at Los Angeles
(UCLA), the otheroneat the StanfordResearchInstitute(SRI), wereconnectedto the ARPANET
and the first host-to-hostmessagewassentover the new network. By the endof 1969 two more
hostshadjoinedthenetwork. During the following years,thenetwork grew very quickly andwork
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proceededon designinga functionally completehost-to-hostprotocol,called the NetworkControl
Protocol(NCP)andon implementingservicessuchasremotelogin andfile transfer. Electronicmail
wasintroducedin 1972,motivatedby theneedof theARPANET developersfor aneasycoordination
mechanism.

In additionto helpingtheARPANET’sgrow, ARPA alsofoundedresearchon satellitenetworks,
mobilepacket radionetworks,andothernetworks.Thebasicidea,namedopenarchitecture network-
ing, wasto connectmultiple independentnetworksof ratherarbitrarydesignthatwasin accordance
with thespecificenvironmentsanduserrequirementsof theparticularnetworks. It turnedout very
soonthat the existing ARPANET protocolswerenot suitablefor runningover multiple networks,
which led to moreresearchon alternative protocols,culminatingwith theinventionof theTransmis-
sionControl Protocol/InternetProtocol(TCP/IP)[CK74] [Com95], whichmettherequirementsof an
open-architecturenetwork environment.On “flag day”, January1, 1983,ARPANET’shostprotocol
waschangedfrom NCPto TCP/IP.

Thetiming wasperfect,sinceBSD4.2UNIX with TCP/IPandmany network utilities camealong
aroundthesametime. Thecompletepackagewasadoptedandportedto otheroperatingsystemsand
many universitiesusedthisnew andveryeasypossibilityto connectto theARPANET.

In 1984,theUSNationalScienceFoundation(NSF)starteddesigninga high-speedsuccessorto
the ARPANET that would be opento all university researchgroups. As a first step,NFS decided
to build a backbonenetwork connectingits six supercomputercentres.Later on, they alsofunded
someregionalnetworksthatconnectedto thebackboneproviding usersatuniversities,researchlabs,
libraries,andmuseumsaccessto any of thesupercomputersanda possibility to communicatewith
eachother. Thiscompletenetwork wascalledNFSNET.

When the NSFNETand the ARPANET were interconnected,the growth becameexponential.
Many regionalnetworks joinedup, andconnectionwerealsomadeto networks in Canada,Europe,
SouthAmerica,Australia,andAsia. Sometimein themid-1980s,peoplebeganviewing this collec-
tion of networksasinternet,andlaterastheInternet.

With theexponentialgrowth, theold informalwayof runningtheInternetdid notworkany longer.
In January1992,the InternetSociety(ISOC) [ISO] wasfoundedasa non-profit,voluntarybody to
coordinatefurtherdevelopmentof theInternet.It nominatesacouncilof elders,theInternetArchitec-
ture Board (IAB). The InternetEngineeringTaskForce (IETF) takesresponsibilityfor development
of new standardsandrecommendingthemto theIAB for approval.

2.1.2 Inter net Protocols

The Internetcan be viewed as a collectionof independentsubnetworks. The glue that holds the
Internettogetheris theunderlyingInternetProtocol(IP) [Com95]. Unlike many oldernetwork pro-
tocols,it wasdesignedfrom thebeginningwith internetworking in mind. It takesdatastreamsand
breaksthemup into IP datagramsaddingalsoa headercontainingtheuniquesourceanddestination
address.In theory, datagramscanbe up to 64 kbyteseach,but in practicethey areusuallyaround
1500bytes.Eachdatagramis transmittedthroughtheInternetby beingpassedfrom routerto router,
until it reachesits destination.On their way throughthe Internetdatagramscanalsobe fragmented
into smallerunits,which have to bereassembledby thedestinationreceiving process.They canalso
becomedamagedor lostor arrive in wrongorder.

TheInternethastwo mainprotocolslayeredatopof theInternetProtocolandusingits basicser-
vices.TheTransmissionControl Protocol(TCP),whichisconnection-orientedandhasbeendesigned
to provideareliableend-to-endbytestreamoveranunreliablenetwork. It breaksupdatastreamsinto
piecesof up to 64 kbytes(in practiceusuallyabout1500bytes),andsendseachpieceasa separate
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Figure2.1: TheTCP/IPprotocolstack.

IP datagram.TheIP layerdoesnot give any guaranteethatdatagramswill bedeliveredproperly, so
it is up to TCP to retransmitmissingandcorrupteddatagrams.Datagramsmight aswell arrive in
wrongorder, soTCPhasto reassemblethemin thepropersequenceon thereceiving side.For these
purposes,TCPkeepssequencenumbersandchecksumfieldsin its protocolheaders.TCPserviceis
obtainedby having both the senderandreceiver createendpoints,calledsockets. Eachsocket has
a addressconsistingof theuniqueIP addressof thehostanda numbercalledport. A connectionis
establishedbetweena socket on the sendingmachineanda socket on the receiving machine.Port
numbersbelow 256 arecalledwell-knownports andarepermanentlyassignedto standardservices
(usuallythey canbeconfiguredto usealternative port numbers).Portnumberassignmentis doneby
anotherInternetbody, theInternetAssignedNumberAuthority (IANA). Table2.1showstheassigned
well-known portnumbersof themostcommonlyusedservices.

Service Protocol AssignedPortNumber
Remotelogin TELNET 23
File transfer FTP 20(data),21 (control)
Electronicmail SMTP 25
Network news NNTP 119
World WideWeb HTTP 80

Table2.1: Well-known port numbersof somestandardservices.

Thesecondprotocolatopof theIP is calledUserDatagramProtocol(UDP).It is connection-less
andprovidesawayfor applicationsto sendencapsulatedraw IP datagramswithouthaving to establish
a connection.Many client-server applicationsthatareusevery simpleprotocolsat applicationlevel
(only onerequestandoneresponse)useUDP ratherthan taking the overheadof establishingand
releasinga connection. It is alsousedfor real-timeservices. UDP alsousesthe conceptof port
numbers.

2.1.3 Inter net Addresses

EveryhostandrouterontheInternethasauniqueIP address,whichencodesits network numberand
hostnumber. In thecurrentIP version(IPv4) addressesare32 bits long andareusedin the source
anddestinationaddressfield of thetheIP datagramheader. Thecommonnotationformatfor internet
addressesis thedotteddecimalnotation,wherethe4 bytesarewritten in decimalseparatedby dots,
for example129.27.153.10.
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Internetaddressesaredividedinto differentclasses,dependingonthenumberof bytesof thatpart
thatencodesthenetwork number. ClassA addresseshave a 1-bytenetwork anda 3-bytehostpart,
classB addressesa 2-bytenetwork anda 2-bytehostpart, andclassC addressesa 3-bytenetwork
and1-bytehostpart. ClassD addressesaremulticastaddresses,while classE addresseshave been
reserved for future use. The differentaddressclassformatsareshown in Figure2.2. Computers
connectedto multiple networks have different IP addressesfor eachnetwork. The uniqueInternet
addressesareassignedby theNetworkInformationCenter(NIC) [Int].

32 Bits

Class

A

B

C

D

E

0

10

110

11110

1110

Network Host

Network Host

Network Host

Multicast address

Reserved for future use

Figure2.2: IP addressformats.

To allow a moreflexible andefficient useof IP addresses,a conceptto split local networks into
several partsfor internalusebut let themstill act like a singlenetwork to the outsidewascreated.
Thesepartsarecalledsubnets.Whensubnettingis introduced,somebits of thehostnumberpartof
theIP addressareusedto identify thedesiredsubnet,androutershave to know thenetwork’s subnet
mask.

Although32-bit numberscouldprovide over 4 billion uniqueaddresses,thehugedemandfor IP
addresseshasbecomeaseriousheadachebecauseof theratherwastefuladdressallocationmethodof
IPv4. SinceclassA networks,with 16 million hostaddressesareto big for mostorganisationsand
companies,andclassC networks,with only 256hostaddressesaretoosmall,thereis ahighdemand
for classB addresses,leadingto exhaustionof classB addressspace.

Recognisingthis problemanddemandfor numerousother improvementsto accommodatethe
Internetto new applicationsgainingmoreimportanceover thelastyears,theIETF startedwork ona
new versionof IP, calledIPv6. Besidesthenew 128-bitaddresslengthanda hierarchicaladdressing
mechanism,which is backwardcompatibleto allow coexistencewith theold IPv4 addresses,it uses
simplifiedprotocolheaders,providesbettersecurity(authenticationandprivacy), paysmoreattention
to typeof service(particularlyfor real-timedata),andprovidesimprovedsupportfor extensions.

2.1.4 The Domain NameSystem

Sinceit is very difficult to rememberInternetaddressesgivenassequencesof numbers,thereshould
beamechanismto convertASCII stringsto binarynetwork addresses.In theearlydaysof ARPANET
eachhostkept a file, which listed all the hostnamesandtheir IP addressesandwhich wasupdated
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periodically. However, whenthousandsof hostswereconnectedto thenet,everyonerealizedthatthis
approachcouldnotcontinueto work forever.

To solve this problem,a multi-level, hierarchicalnamingscheme,the Domain NameSystem
(DNS) was invented. Eachlevel in this systemis calleda domain. Theremay be any numberof
domainswithin a hostname,but in practicetherearerarelymorethanfive. In commonhostname
notationdomainsareseparatedby periods.

TheInternetis dividedinto severalhundredtop-level domains,whereeachdomaincoversmany
hosts.Thetop-level domainscomein two flavours: genericandcountries.Thegenericdomainsare
com(commercial),edu(educational),gov (government),mil (military), org (organisations),andnet
(network resources),whereascountrycodesaretwo-lettercodes,suchasuk for UnitedKingdomor at
for Austria. Eachtop-level domainis partitionedinto subdomains,andthesearefurtherpartitioned,
andsoon.

Thereis auniquemappingfrom domainnamesto Internetaddresses,but notviceversa.A single
physicalmachinecanbereferredby severaldomainnames(aliases).

Registrationof domainnamesat thesecondlevel hasbeendelegatedto regionalNetworkInfor-
mationCenters. Domainnamesat lower levelsareassignedandcontrolledby theadministratorsof
the domainin which they will be included. For example,domainsbeneathtu-graz.ac.at are
assignedby theComputerCenteratGrazUniversityof Technology.

To mapadomainnameontoanIP address,anapplicationprogramusesalibrary procedurecalled
resolver, passingthehostnameasparameter. First, theresolver passesthequeryto oneof the local
DNSservers.At thispoint therearethreepossibilities:

� The local DNS server knows theaddress,becausethesearcheddomainis in its sphereof re-
sponsibility. Theaddressis returneddirectly.� ThelocalDNSserverknowstheaddress,becausethesameaddresshasbeenaskedfor recently.
TheDNS server keepsaddressesin its cachefor a while, which makesthesystema lot more
efficient.� The local DNS server doesnot know the address.It passesthe queryon to the DNS server
of theappropriatetop-level domainfor theaddressof theDNS server responsiblefor thenext
lowerdomain,andsoondown thedomainhierarchyuntil thedesiredaddressis found.

2.1.5 BasicInter net Services

Many Internetapplicationsaretwo-part,client-server applications.A processrunningon theserver
hostis listeningto a particularport (a well-known port reserved for thebasicservices),waiting for
incomingconnectionrequestssentby clientprocesses.Usersstartclientprogramson their localma-
chine,which try to establisha connectionacrossthe Internetto the server socket (IP addressplus
well-known port). Whentheconnectionhasbeenestablished,they communicatewith eachotherus-
ing standardisedprotocolsfor thatspecificapplication.Prior to theWorld WideWeb’sbreakthrough,
themostpopularandmostwidely usedInternetserviceshave beenremotelogin, file transfer, elec-
tronicmail, andnetwork news [Kro94].

Remotelogin

Theremotelogin tool telnetis a client-server applicationusedfor logginginto anothercomputeron
theInternet.Whentheconnectionhasbeenestablished,it is asif theclient’skeyboardwereconnected
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directly to theremotecomputerandtheuseron theclient computercanaccesswhatever servicethe
remotecomputerprovidesto its local terminals.It canbeusedalsoto accessspecialservices.

File transfer

The ftp tool is theinterfaceto theFile TransferProtocol(FTP)allowing usersto transferfiles to and
from remotenetwork sites. It is anotherclient-server modelbasedapplication. Besidesidentified
access,requiringa valid accounton theremotemachine,thereis a specialservicecalledanonymous
ftp, whichpermitsaccessto publicdatawithoutobtaininganaccount.

Up to someyearsago, ftp datamadeup by far the largestpercentageof total Internettraffic.
Whenthenumberof anonymousftp serversgrew, andat thesametime theavailableftp resources,
it becamevery difficult to keepan overview, which resourcescould be found at which ftp servers.
A specialservice,Archie, wasdevelopedto provide a comprehensive index of ftp resourceson the
Internet,which is updatedby visiting eachregisteredsiteperiodicallyandgettinga directorylisting
of all thefileson thatserver.

Electronic mail

Electronicmail (email)differs from theotherapplicationsdiscussedsofar becauseit is not an“end
to end” service,but is known asa “storeandforward” service:mail is passedfrom onemachineto
anotheruntil it arrivesat its destination,andit worksalso,if thesendingandthereceiving machine
cannotcommunicatewith eachotherdirectly.

Email is not restrictedto just theInternet,but canbedeliveredto destinationsin othernetworks,
suchasFidonetor UUCP, via gateways.Within theInternet,emailis usuallydeliveredby having the
sourcemachineestablisha TCPconnectionto port 25 of thedestinationmachine.Listeningto this
port is anemaildaemonprocessthatspeakstheSimpleMail TransferProtocol(SMTP)anddelivers
theemailto theaddresseduser.

Many userswork on machinesthat arenot connectedto the Internetpermanently, andcannot
receive emaildirectly therefore.Instead,they have temporaryaccessto oneor moreemail servers,
that receive and storetheir email. Protocols,suchas the Post Office Protocol (POP)or the more
sophisticatedInteractiveMail AccessProtocol(IMAP) areusedto fetchtheemailandreadit on the
localmachine.

As emailis a “storeandforward” service,amessagewill passmany machineson its waythrough
the network, andany of thesecanreadandrecordthe messagefor future use. To keepsomepri-
vacy, programs,suchasPretty GoodPrivacy (PGP),which apply cryptographicmethodsto email
messages,have beendeveloped.

In theearlydaysof theARPANET, emailconsistedexclusively of text messages,andmany fol-
lowing specificationswerebasedon this fact.Todaythis approachis no longeradequate.TheMulti-
purposeInternetMail Extensions(MIME) [BF92] werea solutionfor this problem,which worked
without changingmostof theotherspecifications.MIME-compliantmessagesaredivided into sev-
eralpartsseparatedby boundarymarkers,eachpartbeginningwith oneor morelinesdescribingthe
natureof thedatafollowing in thispart.Severaltypeshave beendefined,eachof themhaving oneor
moresubtypes.
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Type Subtype Description
plain Unformattedtext

text
html HTML document
gif Picturein GIF format

image
jpeg Picturein JPEGformat

model vrml Official VRML97 MIME type
x-world x-vrml For compatibilitywith earlierVRML versions

Table2.2: MIME typesandsubtypesexamples.

Network news

Network Newsallows theuserto takepartin agreatnumberof discussiongroupscallednewsgroups.
Newsgroupsareorganisedhierarchicallyandcovera largespectrumof topics.Thegroup’snamerep-
resentsits positioninsidethehierarchicalorder, with thebroadestgroupingatthebeginning,followed
by a numberof subgroupings,separatedby periods(for examplecomp.lang.java for discussionson
theJavaprogramminglanguage).Insideeachnewsgroup,thereareusuallymultiplediscussionsgoing
onunderspecificsubjectsandsimultaneously.

Most of thenewsgroupscomeaspartof USENET, a setof voluntaryrulesfor passingandmain-
tainingnewsgroups.USENETis madeupof seventop level newsgroupcategories(seeTable2.3).

Additionally, any news server cancreateandmaintainlocal newsgroups,suchas for example
the tu-graz hierarchy. Theserver’s administratormakesbilateralagreementswith administratorsof
other news servers to transfercertainnewsgroupsbetweentheir servers using the NetworkNews
TransferProtocol(NNTP).Over theyears,thishascausedsomeusefullocalgroupsto bedistributed
almostaswidely asthecoreUSENETgroups.Thesenewsgroupsarecalled“alternative newsgroup
hierarchies”,with thealt hierarchyasthebiggestone.

In the meantimethe numberof newsgroupsis so large (morethan10000)that the exchangeof
newsgroupdatabetweenthenews serversgeneratesa hugeamountof network traffic. Additionally,
storingthearticlesfor a longertimeconsumesverymuchdiskspace.Theseproblemsareaggravated
by “spamming”,postingswhichareoff-topic, advertising,or simply rubbish.

Name Topicscovered
comp Computerscienceandrelated
news DiscussiononUSENETitself
rec Hobbiesandrecreationalactivities
sci Scientificresearchandapplications
soc Socialisingandsocialissues
talk Debatesoncontroversialtopics
misc Anything thatdoesnotfit in somewhereelse

Table2.3: USENETtop level newsgroupcategories.
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2.2 The World Wide Web(WWW)

2.2.1 The History of the Web

TheWorld WideWeb(WWW) beganin 1989atCERN(theEuropeanParticlePhysicsLaboratoryin
Geneva). Theinformationsystemsusedup to this time hadbroughtmany problemsdueto different
network informationretrieval protocolsandthe variety of differentworkstationsand their varying
displaycapabilities.Thereforetheprimarydesigndecisionsof theinitial proposalfor awebof linked
documents,which camefrom CERN scientistTim Berners-Lee[BLCL � 94], were platform, data
format,andprotocolindependence.

Nevertheless,theinitial prototypefor NeXTsystemsprovidingaverynicegraphicaluserinterface
did not gettheexpectedpositive feedbackat CERN.It wasconsideredto betoo slow andtoo fancy.
Developmentof a line modebrowserin 1991with averycrudecharacter-grid orienteduserinterface
(“WWW is a way of accessinginformationby typing numbers”),filling the webwith data(CERN
phonebook),andpostingsamplesourcecodeto severalnewsgroupswasthestartingsignalfor further
developmentof browsersfor all platforms.

Anothermilestonein WWW’s history wasreachedin 1993,whenthe first X Window System
based,graphicalbrowser, named“XMosaic”, wasreleasedby theNationalCenterfor Supercomput-
ing Applications(NCSA) [Nat]. It wasthefirst browserwhichwasableto show inline colourimages
andproportionaltypefonts.

In May 1994,thefirst WWW conferencetook placeat CERN,whereMark Pescepresentedhis
andTony Parisi’searlyworksona3D interfaceto theWeb[PKP94],laterspecifiedasVirtual Reality
MarkupLanguage (VRML), andrenamedto Virtual RealityModellingLanguage lateragain.VRML
is discussedin moredetailin Chapter4.

In October1994, CERN and MIT signedan agreementsettingup the World Wide Web Con-
sortium(W3C) [W3C], an organisationdevotedto developmentof WWW standardsandreference
code.Berners-Leebecamethedirector. Sincethen,many universitiesandcompanieshave joinedthis
consortium.

Xmosaicwassopopularthat its author, Marc Andreessenleft NCSA to form his own company
(togetherwith Silicon GraphicsfounderJim Clark), NetscapeCommunicationsCorp. [Net], whose
goalwasto developclients,servers,andotherWebsoftware. In October1994they releasedthefirst
betaversionof theirWebbrowsernamed“NetscapeNavigator”, whichobtainedtheleadingposition
in theWebbrowsermarket very quickly, andhasbeenableto defendit up to today. It hasbeenalso
oneof thedriving forcesbehindtheWeb’s developmentuptonow.

Today, its toughestcompetitoris the“InternetExplorer”browserfromMicrosoft[Mic], whichhad
ignoredtheInternetalmostcompletelyfor a very long time,preferringdevelopmentof a proprietary
online service. On 7th December1995, known as “Pearl HarbourDay”, Microsoft announceda
completechangeof their previousstrategy. Sincethen,theInternetExplorerhasincreasedits share
of themarket continuouslyandis alreadyverycloseto Netscape’s browser.

Besidesthesetwo main competitors,therearea several otherWeb browsers,often specialised
for certainfeatures.Oneof themis “HotJava” [Hot], a Webbrowserwritten completelyin Java,and
the first oneableto executeJava applets.Java’s originsgo backto 1990,whena teamof software
engineersat SunSoft,a division of SunMicrosystems,starteddevelopmentof an operatingenvi-
ronmentfor electronicconsumerdevices. Their effort broughtout a secure,platform-independent,
object-orientedlanguage,whichwasreorientedtowardtheWorld WideWeblater, allowing dynamic
andinteractive documentsby integratingdownloadableminiapplications,so-called“applets”,which
areexecutedby theWebbrowser’s interpreter, theso-called“virtual machine”.To protecttheclient
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machineagainstmaliciouscode,accesson theclient machine’s local resourcesis controlledandre-
strictedby thesecuritymodelof thevirtual machinetheappletis runningin.

Mar 89 WWW projectproposedto CERNManagement
Nov 90 Initial prototypeonNeXT
Mar 91 VT100 line-modebrowser
Aug 91 Codepostedto newsgroupalt.hypertext
Jan93 XMosaicreleasedby NCSA
May 94 FirstWWW ConferenceatCERN
Oct94 Netscape0.9betareleased;

Foundationof W3C

Table2.4: WWW historyoverview.

2.2.2 The Web’s Main Concepts

TheWWW is adistributed,heterogeneous,hypermediainformationretrieval systemproviding access
to a large numberof documents.It consistsof a setof simpleprotocolsandconcepts.Like many
othernetwork applications,theWWW usestheclient-server model.WWW clients,alsocalledWeb
browsers,sendrequestsfor documentsto WWW servers,which sendbacktheappropriateanswers,
i.e. eithertherequesteddocumentsor errormessages.Thissimplecommunicationis definedby three
major concepts:the HyperText TransferProtocol, Uniform Resource Locators, and the HyperText
MarkupLanguage.

The HyperText Transfer Protocol (HTTP)

TheHyperText TransferProtocolis thestandardWebtransferprotocol.It providesa fastandflexible
mechanismto follow referencesbetweenunitsof informationdistributedamongdifferenthostacross
theInternet.Theprotocolis statelessandobject-oriented.Eachclient-sever interactionis initiatedby
establishingaconnectionbetweenthetwo hosts(usuallyTCPto defaultport80). Hereafter, theclient
sendsa request,consistingof thedesiredcommand(method),a referenceto theobjectthecommand
shouldbeappliedto, andeventuallysomeadditionaldata,to theserver. Thereareseveralcommands
for retrieval, manipulationandsearchingof data.Theserver triesto performtherequestedcommand,
andsendsa responseto the client. This responseconsistsof a statusline, andpossiblyadditional
information,suchasall or partof a referencedWebpage.Thetypeof thedocumentdatais indicated
to theclientby usingMIME-lik etypedescriptions(seeTable2.2).Theclientcanalsoincludealist of
thetypesit will acceptinto its request,orderedby preference.After theserver hassenttheresponse,
theconnectionis closedby eitheroneor bothparties.This conceptrequiresestablishinga new TCP
connectionfor eachrequest,which is rathertime-consuming.

The Uniform ResourceLocator (URL)

When the Web was first created,it was immediatelyapparentthat having one documentpoint to
anotherdocumentrequiredmechanismsfor namingand locatingdocuments.A standardnotation
to specifythe locationof resourcesin the Internethasto containtheanswersto the following three
questions:

1. Whatis theresource’s name?
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2. Onwhichserver is it located?

3. How canit beaccessed?

The solutionchosenidentifiesresourcesin a way that solvesall threeproblemsat once. Each
resourceis assignedan Uniform ResourceLocatorthat [BL93] effectively is its worldwide unique
name.URLs have threeparts:theprotocol,theIP addressor DNSnameof theserver theresourceis
locatedon,anda localnameuniquelyidentifyingthespecificdocument(usuallythenameof afile of
theserver’s local filesystem).TheURL conceptis open-endedin thesensethat it is straightforward
to supportprotocolsother thanHTTP. In fact, URL notationsfor protocolsusedby variousother
commonserviceshave beendefined(seeTable2.5), andmany Webbrowsersunderstandthem. So
URLsnot only allow usersto navigatethroughtheWeb,they alsointegratenearlyall Internetaccess
into asingleprogram,theWebbrowser.

Name Usedfor Example
http Hypertext (HTML) http://www.iicm.edu/vrwave
ftp File transfer ftp://ftp.iicm.edu/pub/VRwave/vrwave-0.9/

UNIX/Common-VRwave-0.9-Unix.tar.gz
file Localfile access file:/usr/doc/vrml97/index.html

Newsgroup news:comp.lang.java
news

Newsarticle
gopher Gopher gopher://gopher.tc.umn.edu/11/Libraries
mailto Sendingemail mailto:kwagen@iicm.edu
telnet Remotelogin telnet://www.iicm.edu:80

Table2.5: URL notationsfor somecommonservices.

Despitetheseniceproperties,thegrowing useof theWebhasuncovereda weaknessof thecon-
cept: to reducenetwork traffic, thereshouldbe multiple copiesof heavily referenceddocuments.
URLs cannot referencea documentwithout simultaneouslydeterminingthe server to get it from.
ThereforetheIETF is workingon a conceptof Universal ResourceIdentifiers (URIs),a moregener-
alisedsupersetof URLsthatdefinesalternative methodsfor locationindependentdocumentreferenc-
ing.

The HyperText Markup Language(HTML)

The HyperText Markup Language[BLC93] is an applicationof the Standard GeneralizedMarkup
Language (SGML) [ISO86] that is specialisedto hypertext andadaptedto the Web. It is a simple
markuplanguageusedto describehypertext documentsin aplatformindependentmanner.

Thedocumentis dividedinto partslikeheadings,paragraphs,footnotesandsoon,sothatHTML
describesratherthelogical structureof thedocumentthantheexactlayoutto beusedwhenshowing
it on the client’s screen. The document’s actualappearance(font types,font sizes,and so on) is
determinedby theWebbrowsersettingsandthedisplaycapabilities.

HTML documentsconsistof simpleASCII text, from which their platform independenceand
portability derive. Structureelementsaremarked up andenclosedby tags(formattingcommands).
Tagsarealsousedto embedlinks andinline imagesinto thedocument.

While HTML 1.0basicallysupportsone-way communicationto theuser, theinclusionof forms
startingin HTML 2.0 allowedusersto fill in informationor make choicesandthensendthis infor-
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mationback to the server for further processing.Handlingof datasentto the server by forms is
standardisedby theCommonGatewayInterface(CGI).

While theofficial standardisationof HTML is managedby theWWW Consortium,browserven-
dors(especiallyNetscapeandrecentlyalsoMicrosoft) have implementedsupportfor their own ex-
tensionsin their browsers,which doesnot make HTML standardisationany easieron theonehand,
but is adriving forcefor furtherdevelopmenton theotherhand.

2.3 Java

2.3.1 The History of Java

In 1990,SunMicrosystemsformeda teamof top softwaredevelopers,codenamed“Green”, to think
over andfind new waysto competewith theupcomingpersonalcomputersbasedon Intel hardware.
Many insideandoutsideSunthoughtthatthecompany hadmissedmajoropportunitiesin thedesktop
market. Sunmachineshada reputationfor beingtoo complicatedfor massconsumption,andthe
company wasfacedbeingpushedin anarrowing sliceof thecomputermarket.

Duringthebrainstormingphasefor theirprojectthey observedthatcomputertechnologycouldbe
foundin severalelectronicdevices,but they whereall madewith differentCPUs,whichmadeit very
difficult to makedifferentdeviceswork together. Additionally they foundout, thattheuserinterfaces
of mostdevicesweretoo complicated,so thatmostpeoplehadproblemsusingthemefficiently. So
theteamconcentratedon developinganoperatingenvironmentfor electronicconsumerdevicesthat
wouldeliminatetheseshortcomings.

It soonturnedout, that existing programminglanguageslike C++, which had becomenear-
standardsfor specialisedapplicationsrequiringhigh speed,wereunsuitable,becausein consumer
electronicsreliability is moreimportantthanspeed.JamesGosling,amemberof theteam,developed
a new object-orientedprogramminglanguagecalled“Oak”. It wasbasedon C++, but wasstripped
down to abareminimum.Additionally it wasableto workovernetworksin averydistributedmanner,
andincludedsecurity, encryption,andauthenticationproceduresin its core.

A demoapplicationbasedonthisnew languagewaspresentedto Suninternallyin August1992.It
wasaremote-control-like devicewith only a tiny touchscreenandwithoutany buttons.An animated
characternamed“Duke” guidedthe userthroughthe easy-to-use,imagerich, graphicalinterface.
Duke wouldbecomeJava’s mascotlateron.

At this time therewasan interestingconcept,but still no marketableproduct. Several attempts
to useOak-basedinterfacesin cellular phones,interactive television, or automationsystemsfailed.
In early 1994, when the WWW had startedgrowing very fast, Sundecidedto adaptOak for the
Internetandsell licensesof its sourcecode.TheOaklanguageitself, whichwasrenamedto themore
marketable“Java” lateron,becametheproduct.

In December1994JavaandHotJava, thefirst Java-capablewebbrowser, werepresentedto a few
selectedpeople.SomemonthslaterMarc Andressen,co-founderof Netscape,got a copy. Netscape
licensedtheJava sourcecodeanda Java runtimeenvironment,a “virtual machine”,becamepartof
theirNetscapeNavigatorWebbrowser.

Thenext stepwasto releasetheJavaDevelopmentKit (JDK).TheJDK containsaJavacompiler,
a runtimeenvironment(virtual machine)implementation,theJavacoreclassesandsomeotherdevel-
opmenttools. TheJDK wasa referenceimplementationof theJava languageandit hasbeenported
to mostplatforms.

While thelanguageitself andthecoreAPI (ApplicationProgrammingInterface) classeswereleft
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unchanged,many new APIs have beendevelopedandthis developedwill go on alsoin future. One
of thisnew APIs is theJava 3D API [Jav], whichwill bediscussedin moredetailin Chapter3.

2.3.2 An Overview of the Java Language

Asdescribedin thelastsection,Javastartedoutof theideatodevelopadvancedsoftwarefor consumer
electronics. Thesedevices are small, reliable, portable,distributed, real-timeembeddedsystems.
To meettheserequirements,Java was designedto be a simple, object-oriented,network-capable,
interpreted,robust,secure,architectureneutral,portable,high-performance,multithreaded,dynamic
language[GJS96] [dL96].

Simple

MostprogrammersworkingthesedaysuseC, andmostprogrammersdoingobject-orientedprogram-
ming useC++. To make the changeto Java as easyaspossible,Java was designedvery closely
to C++, omitting many rarelyused,poorly understood,confusingfeatureslike operatoroverloading
(althoughJava supportsmethodoverloading)andmultiple inheritance.

On theotherhandautomaticgarbagecollectionhasbeenadded,which simplifiesprogramming
andsavesthetimespendworryingaboutcomplex anderror-pronememoryallocationschemesknown
from C andC++. TheJava runtimesystemcantell whena block of memoryis no longerbeingused
andoccasionallycollectstheseupandmarksthemasfree.

Java hasalsoa simple,effective exceptionmechanismbuilt in. Exceptionshave evolved asthe
bestway to handleunexpectedconditionsin thecode.

Object-Oriented

Object-orienteddesignis very powerful becauseit facilitatesthe cleandefinition of interfacesand
makesit possibleto write reusablesoftware.

Java is exclusively object-oriented.AlthoughC++ is alsoconsideredobject-oriented,it letspro-
grammerssolve problemsusinga proceduralapproach.Java however, requirescontinuousobject-
orientedprogrammingfrom thebeginning,thuseliminatingtheproblemof combiningtwo dissimilar
designphilosophies.

Network-capable

Java hasbuilt-in supportfor TCP/IPbasednetworking in its coreclasses.Therearealsoclassesto
parsenetwork data,dealingalsowith differencesbetweenhardwareplatformdatarepresentation,and
to sendfull Java objectsover thenetwork.

Robust

Javaputsalot of emphasisonearlycheckingfor possibleproblems,laterdynamic(runtime)checking,
andeliminatingsituationsthatareerror-prone.

Java is a stronglytypedlanguage,guaranteeingnot to allow assignmentbetweenincompatible
types. The linker understandsthe type systemand repeatsmany of the type checksdoneby the
compilerto guardagainstversionmismatchproblems.
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ThebiggestdifferencebetweenJavaandC/C++is thatJava’s pointermodelpreventsoverwriting
memoryandcorruptingdata. Insteadof pointerarithmetic,Java usestruearraysandalsoperforms
array-boundschecking.

Secure

Security is increasinglyimportantas more and more usersand their companiesare connectedto
unknown, potentiallymaliciousindividualson a global network. The securityfeaturesof Java are
critical to its successasa platformfor Internetapplicationdevelopment.

The virtual machineimplementsa securitysystemfor running code, the so-called“sandbox
model”. Java codecanonly accessdataandresourceswithin the confinesof this securesandbox.
Coderunningin the virtual machineis underthe virtual machine’s completecontrol andtherefore
secure,exceptfor erroneousvirtual machineimplementations.Thesandboxcanbeaugmentedwith
authenticationusingstrongencryptionto prove thatthecodeis from a trustedsource.

Thereis a stronginterconnectionbetweenrobustnessandsecurity. The coreof Java’s security
is the languagespecificationitself. For example,the changesto the semanticsof pointersprevent
applicationsfrom usingpointersto accessdatathey shouldnothave accessto.

Ar chitecture Neutral

In general,networksarecomposedof avarietyof systemswith avarietyof CPUandoperatingsystem
architectures.This is especiallytrue for the Internet. To enablea Java applicationto be executed
anywhereon the network, the sourcecodeis compiledinto architecture-neutral bytecode,which is
interpretedandtranslatedinto nativemachinecodeby thevirtualmachineatruntime.Virtualmachine
implementationsarethemselvesplatformspecific.

Portable

Portabilityhastraditionallymeantwriting portablesourcecodethatconformsto industrystandards
andporting this codeto a varietyof platformsthatsupportthis languagestandardthen. Languages
like C++ seemto meetthis requirement.Unfortunately, sinceeachhardwareplusoperatingsystem
platformis differentandeventhelanguagecompilersarequitedifferent,eachport is a majorproject
requiringseparatesourcecodebranchesandnew testingeffort. Java programsarewritten andde-
buggedononeplatformandthenrunonany platformwith Javasupport(“write once,runanywhere”).
This featureis ensuredby thestrict controltheJava licenseholdsover theJava bytecode.

Besidesbeinginternallyportable,Java is alsoruntimeenvironmentportable.TheJava compiler
is written in Java itself, while the runtimeenvironmentis written in ANSI C with a well defined
portability interface,which is essentiallyaPOSIXsubset.

Interpreted

Java bytecodeis interpretedandtranslatedon thefly to machineinstructions.Thebytecodecontains
additionalcompile-timeinformation,which is madeavailableat runtime,providing checksfor secu-
rity, robustness,andevendebugging. This freesdevelopersfrom having to worry abouttheversion
mismatchproblemsthataresocommonto developingenvironments.
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High Performance

Performanceis certainlythemostimportantshortcomingof currentJava runtimeenvironments.In-
terpretingandtranslatingtheplatformneutralbytecodeinto machineinstructionson thefly, asmost
of todaysJava runtimeenvironmentsdo,is about20 timesslower thanrunningnative codegenerated
by C or C++compilers.Thereareseveralapproachesto improve thissituation:

� Just-In-Time (JIT) compilershave a compilerparallel to the virtual machineinterpreter, that
compilesthebytecodedown to platform-specificmachinecode.Codethat is executedseveral
times(for exampleinsideof a loop) hasto beinterpretedonly once,thecreatedmachinecode
canbeexecutedduringthefollowing iterations.� The garbage-collectionalgorithm usedby older runtime environment implementationswas
simplebut not very efficient. Newer implementationsuseanalgorithmthatreducesthepause
for garbage-collectionfrom 100-200to 1-2milliseconds.� The Java runtimeenvironment’s bytecodeinterpreterhasto datebeenwritten in C or C++.
Rewriting this interpreterin assemblycodewill causea threefoldspeedup.Finely tunedma-
chinecodegeneratorswould provide a factorof 10-20speedup,enablingJava to approachthe
speedof compiledC++ code.Implementingthisapproach,called“HotSpotdynamiccompila-
tion”, requiresahugeinvestmentfor eachplatform.

Multithr eaded

Unlike mostcommonprogramminglanguages,Java incorporatesmultithreadinginto its coredesign.
A threadis anindependentsequenceof executionwithin a Java application.Useof multiple threads
allows moreefficient useof systemresources.Threadsarealsousedby theunderlyingJava runtime
environment.Somecommonusesof threadsby theruntimeenvironmentincludethegarbagecollector
andtheAbstractWindowing Toolkit (AWT).

Threadsaredifficult to programin mostlanguagesbecausemanagingsynchronisationbetween
threadsandkeepingcontrolover whatinformationis sharedis verydifficult anderrorprone.

Java hasa sophisticatedsetof synchronisationprimitivesthatarebasedon thewidely usedmon-
itor andconditionvariableparadigmintroducedby C.A.R.Hoare.By integratingtheseconceptsinto
thelanguageratherthanonly in classesthey areeasierto useandmorerobust.

Dynamic

In anumberof ways,Java is amoredynamiclanguagethanC or C++. Learningfrom somethingthat
is a seriousproblemin C++, Java usesdynamiclinking. This meansthat unlike C++, methodsare
nothard-wiredinto thecompiledcode.Soit is notnecessaryto recompileall codethatusesa library
whenthelibrary changes.Librariescanfreely addnew methodsandinstancevariableswithout any
effecton theirclients.

Java classeshave a runtimerepresentation:thereis a classnamed“Class”,whoseinstancescon-
tain runtimeclassdefinitions.While thereis no possibilityto find out thetypeof anobjecta pointer
refersto in C or C++, gettingthis informationbasedon theruntimetype informationis straightfor-
wardin Java. Thisallowscheckingof castsatbothcompileandruntime,providing anadditionallevel
of errordetection.
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2.3.3 Java Applets

Javacanbeusedto constructapplications,called“applets”,thatareembeddedin Webpagesdelivered
to a Web browserandrun within the browserusingits embeddedvirtual machineto interpretand
executetheappletbytecode.

While this featureis mostly usedto createdynamicHTML documents,it is alsoof prime im-
portancefor applicationsusing the Java ExternalAuthoring Interface(seeChapter5), sincemost
practicalexamplesof communicationbetweenexternalenvironmentsandVRML worlds shown to
dateusethe interfacebetweena Java appleton a WebpageandanembeddedVRML world on that
samepage.

Oneof themostimportantaspectsof Java appletsaretheir securityproperties.Whena HTML
pagecontaininganappletis fetchedfrom theWeb,theappletis automaticallyexecutedontheclient’s
machine.Sincetherearemany dangersinherentin letting foreign coderun on one’s machine,the
localJavaruntimeenvironmentexecutingtheapplethasto implementasecuritysystemto protectthe
systemfrom any damagethatcouldbedoneby maliciousappletcode. Virtual machineimplemen-
tationsprovide a securitysystemfor runningcodecalledthe“sandboxmodel”, restrictingtheapplet
codeto accessdataandresourceswithin theconfinesof thissecuresandboxonly.

(local)

Applications

access system resources
Applets that may

access to system resources
Applets with restricted

Sandbox

Java Virtual Machine

System Resources

"not trusted"
(authenticated)

"trusted"

Applets

Figure2.3: Java’s “sandbox”securitysystem.

Actually, the coreof Java securityis the languagedefinition itself. Java hasstrongtyping, true
arrayswith boundscheckingandnopointersto arbitrarymemorylocations.

The secondline of defenceis that beforean incomingJava appletis executed,it hasto passa
bytecodeverifier. Thebytecodeverifierlooksfor attemptstomanipulatepointers,executeinstructions
or call methodswith invalid parameters,usevariablesbeforethey areinitialised,andso on. These
checksaresupposedto guaranteethatonly legalappletsgetexecuted.

Anotherbarrieragainstmaliciousappletcodeis theclassloader. Sinceclassescanbeloadedon
thefly, thereis a dangerthatanappletcould loadoneof its own classesto replacea critical system
class.Thistypeof attackis preventedbygiving eachclassits own namespaceandcarefullysearching
for systemclassesbeforelooking for userclasses.

Finally, Java hasa portionof theruntimeenvironmentcalledthesecuritymanager. At runtime,
this componentenforcesstrict rulesaboutwhatkind of operationsandfunctionswill beallowed to
beperformed.Implementationdetailsof thissecuritymanageris browser(appletviewer)dependent.
Typicalsecuritymanagersimposethefollowing restrictions:
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� Appletsmaynot loadlibrariesor definenative methods.� Appletsmaynotordinarily reador write localfiles.� Appletsmaynotopennetwork connectionsexceptto thehostthatthey camefrom.� Appletsmaynotstartany programson thelocalhost.� Appletsmaynot readcertainsystemproperties.

Java 1.1 allows developersto incorporateboth low-level and high-level securityfunctionality
into their Java applications,including digital signaturesto provide a standardand secureway to
authenticatethe origin of the code. FutureAPI specificationswill alsoincludesecuresockets that
will beusedby Java to encryptdatathatis streamingacrossthemmakingit impossiblefor someone
to listenin andinterceptthedataandto reuseor modify it in anunauthorisedway.



Chapter 3

3D Graphics Libraries

Thegraphicshardwaremarket hasbecomevery fastgrowing anddynamicin thelastyears.Several
vendorspresenttheir newestproductsin half yearcycles. While theseproductsmay be very pro-
prietaryin hardware,they shouldprovide a standardisedsoftwareinterface. This chapterdescribes
the mostimportantstandard3D graphiclibraries,whereit startswith themostestablishedoneand
presentsa rathernew oneat theend.

3.1 OpenGL

OpenGL[NDW93] [Ope92] is a standardlibrary for 3D graphics,evolved from Silicon Graphics’
GL (GraphicsLibrary). It is designedasa streamlined,hardware-independent interfaceto be im-
plementedon many differenthardwareplatformsusinggraphicsaccelerationhardwareif available.
To achieve thesequalities,no commandsfor performingwindowing tasksor obtaininguserinput
areincludedin OpenGL.Similarly, OpenGLdoesnot provide high-level commandsfor describing
complex 3D objectsandmodels. Thesemodelshave to be built up from a small setof geometric
primitives: points,lines, andpolygons. OpenGLprovidesa wide rangeof renderingfunctionality,
including:

� Geometricprimitives(points,lines,andpolygons)� Rasterprimitives(bitmapsandpixel rectangles)� RGBA or colour-index mode� Immediatemodeor displaylists� Viewing andmodellingtransformation� Hiddensurfaceremoval (depthbuffer)� Alphablending� Anti-aliasing� Texturemapping(with mipmappingandfiltering)� Atmosphericeffects(fog, smoke,andhaze)� Polynomialevaluatorsto describesplines

19
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� Pixel operations� Accumulationandstencilbuffer� Feedbackandselection

Developerscanaccessthis functionality througha well definedAPI (ApplicationProgramming
Interface),which hasto beprovidedby all OpenGLimplementations.Official OpenGLimplementa-
tionshave to passa suiteof conformanceteststo ensuresourcecodecompatibility. Developmentof
OpenGLis guidedby anindustryconsortium,theOpenGLArchitecture Review Board, consistingof
majorhardwareandsoftwarevendors.

OpenGL asa StateMachine

OpenGLis a statemachine.Its commandssetit into variousstates(or modes)that remainin effect
until they arechangedagainby latercommands.For example,thecurrentcolour is a statevariable.
Whenit hasbeensetto a specificcolour, every objectis drawn with thatcolourthereafter, until it is
setto somethingelse. OpenGLpreservesa greatnumberof statevariables,specifyingthe viewing
andprojectiontransformations,polygondrawing modes,positionsandcharacteristicsof lights, or
materialpropertiesof theobjectsbeingdrawn. Eachstatevariableor modehasa default value,and
therearecommandsto querythesystemfor thecurrentvaluesof thesestatevariables.

OpenGL-relatedLibraries

OpenGLprovidesa powerful but primitive setof renderingcommandsandall higher-level drawing
mustbedonein termsof thesecommands.Thereareseverallibrariesthatprovidespecialisedhigher-
level functionson topof OpenGL.

� TheOpenGLUtility Library (GLU) is providedaspartof anOpenGLimplementation.It con-
tainsroutinesto manipulatetextureimages(creatingaseriesof mipmaps),to creatematricesfor
specificviewing orientationsandprojections,to tessellatepolygons,to rendersimplesurfaces
(spheres,cylinders,anddisks),and to describecurves andsurfaces(NURBS, Non-Uniform
RationalB-Splines).� The OpenGLExtensionto the X Window System(GLX) provides commandsto createan
OpenGLcontext and to associateit with a drawablewindow on a machinethat usesthe X
Window System.OpenGLrenderingis madeavailableasX extension,defininga protocolfor
OpenGL’s renderingcommandsencapsulatedwithin the X bytestream,which canbe usedto
run anOpenGLapplicationon onecomputerwhereasthe renderingis doneon anothercom-
puter connectedby a network. Sinceperformanceis critical in 3D rendering,GLX allows
bypassingtheX server’s involvementin dataencoding,copying andinterpretationandinstead
renderingdirectly to thegraphicspipeline.� OpenInventor [Wer94] is an object-orientedtoolkit basedon OpenGLthat providesobjects
andmethodsfor creatinginteractive 3D graphicsapplication.Availablefrom SiliconGraphics
andwrittenin C++,OpenInventorprovidespre-built objectsandabuilt-in eventmodelfor user
interaction.
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3.2 Mesa

Mesa[Pau] is a3D graphicslibrary with anAPI which is verysimilar to thatof OpenGL,distributed
underthetermsof theGNU Library GeneralPublicLicence.Althoughit usestheOpenGLcommand
syntax(with authorisationfrom Silicon Graphics)andmostapplicationswritten for OpenGLcanbe
recompiledfor Mesawithout makingany sourcecodechanges,it cannotbecalledanOpenGLim-
plementation,sincetheauthor, BrianPaul,did notobtainanOpenGLlicensefrom SGI.Furthermore
Mesacannotclaim OpenGLconformancesincetheconformancetestsareonly availableto OpenGL
licensees.Despitetheselegalandtechnicalterms,Mesacanbeseenasavalid alternative to OpenGL.
Mesawasoriginally designedfor Unix/X11 systems,but driversfor the Amiga, Apple Macintosh,
BeOS,NeXT, OS/2,MS-DOS,VMS, andWindows 95/NTarealsoavailablein themeantime.

MesaimplementstheOpenGLlibrary functionsin software,usingsoftwarerenderingtechniques
andthenusesthestandardX protocolto put thepictureon thescreen.GLX is not implementedas
anX server extension,but emulatedto allow GLX-basedOpenGLprogramsto work with Mesa.It is
plannedto integrateMesainto theXFree86X server.

SinceMesadoesrenderingin software,its performanceis mostdirectly relatedto CPUperfor-
mance.Recentreleasesof Mesahavefeaturedspeedoptimisationsandtakeadvantageof 3D graphics
accelerationhardware,althoughsupportis still restrictedto averysmallnumberof graphicscards.

3.3 GE3D

TheGE3D(GraphicsEnginefor 3D) library wasdevelopedat IICM (Institutefor InformationPro-
cessingand Computersupportednew Media) for useby the Harmony 3D SceneViewer [Pic93]
[And93], anearlypredecessorto theVRwave VRML97 browser, andit is still usedby VRwave as
underlyinglibrary for native coderendering.

GE3D provides functionality at a slightly higher level of abstractionthan commonlow level
graphicslibraries(asingleGE3Dfunctioncall typically resultsin executionof severalOpenGLcom-
mands)and is placedbetweenthe applicationusing it for renderingand the underlyinggraphics
library (Figure3.1).Thiskeepstheapplicationsourcecodeindependentfrom any particulargraphics
library, increasingits portability.

Low level 3D graphics library
(OpenGL, Mesa, ...)

GE3D library

Application

Figure3.1: Structureof theGE3Dlibrary.
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Former versionsof GE3D included supportfor four underlying low level graphicslibraries:
OpenGL,Mesa,IrisGL (the predecessorof OpenGL),andVOGL (similar to IrisGL). Supportfor
IrisGL andVOGL hasbeendroppedin morerecentversions,sinceOpenGLand/orMesaareavail-
ablefor almosteveryplatform.

GE3D’shigherlevel functionalityincludes:

� singlefunctionsfor geometrictransformations� a singlefunction for drawing a setof 3D faceswith relatedattributes,suchasmaterialsand
face/vertex normals� severalrenderingmodes:wireframe,hiddenline, flat shading,smoothshading,andtexturing� cameradefinition(bothperspective andorthographic)� light sourcedefinition� creatingtexturemapsfrom dataarraysandsettingtexturemappingoptions

3.4 Dir ect3D

Direct3D[Gli96], a renderingenginefor real-time3D graphics,is oneof thecomponentsof DirectX,
Microsoft’s unifiedsetof interactive multimediaAPIs, includingalsoDirectDraw, DirectSound,Di-
rectInput,andDirectPlay. It hasbeendesignedprimarily for gamedevelopmentfor Microsoft Win-
dows operatingsystembasedpersonalcomputers,providing a commoninterfacefor 3D hardware
accelerationanddevice support.

While OpenGLAPI implementationslie straighton top of thegraphicshardware,theDirect3D
architectureincludestwo additionallayersthatareplacedbetweentheDirect3DAPI andthegraph-
ics hardwareasshown in Figure3.2: theHardware EmulationLayer (HEL) andtheHardware Ab-
stractionLayer (HAL). TheHardwareAbstractionLayer’s taskis to hidedetailsaboutthegraphics
hardwarefrom 3D applicationprogrammers.Direct3Ddriversfor aparticulargraphicshardwarede-
vice neednot implementthe completefunctionalityof theDirect3DAPI, but maybe limited to an
arbitrarysubset.Themissingfunctionsareprovidedandhandledby theHardwareEmulationLayer.
While this conceptsimplifiesdriver developmenton theonehand,it bringsup severalproblemsfor
3D applicationprogrammerson theotherhand.

Besidesthis differencein architecture,Direct3D’s functionality is comparableto that of other
low-level 3D graphicsAPIssuchasOpenGL.

3.5 RenderWare

RenderWare from Criterion Software [Ren] is a 3D graphicslibrary that is specificallytargetedat
cross-platformgamesdevelopment. It shouldshieldgamedevelopersfrom the complexity of 3D
hardwareaccelerationacrossmultiple platforms(Windows 95, Windows NT, MSDOS5.0 or later
andPowerMac).While it doesrenderinggenerallyin software,RenderWarealsoprovidestransparent
supportfor hardware3D acceleratorsthroughloadabledevice drivers.

RenderWare’s API functionsinclude:

� texturemapping(moving textures,environmentmapping)
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Hardware abstraction layer
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Figure3.2: Thestructureof Direct3Din comparisonwith thatof OpenGL.

� multipleorthographicandperspective cameras� materialssupport� 3D sprites� objectinstancingandhierarchicalmodels� picking(scene,object,polygon,vertex)� immediatemode� fogging� stereocamera(plussupportfor stereoglassesandheadsets)� binaryfile format� dynamicallyloadablehardwareandsoftwaredrivers

Collectionsof polygonsandverticesarecalled“clumps”. Clump objectsallow applicationsto
handlelarge numbersof relatedpolygonsandverticesasa single,atomicentity. Eachpolygonhas
anassociatedmaterialobject,whichdefinestheappearanceof thepolygon.A sceneis acollectionof
clumpsandlights. It maybeviewedthroughoneor morecameras.At any instantonly onecamerais
active andtheresultsof renderingarestoredin theimagebuffer of thiscamera.

RenderWarealsosupportshierarchicalmodelling. Eachclump may have a parentandzeroor
morechildren.TheAPI providesfunctionsto traverseclumphierarchies.

In retainedmoderenderingaclumpis thefinestgranularityof geometry. Polygonsin clumpsare
automaticallyrenderedin thecorrectorderasasingleunit. Immediatemoderenderingis alowerlevel
approach,whichgivesmoreresponsibilityto theprogrammerto rendergeometryin thecorrectorder
to producethedesiredvisibility. It allows directaccessto thebasicRenderWareprimitives(triangles
andlines).
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3.6 QuickDraw 3D

QuickDraw 3D [Qui] is a cross-platform(Windows andMacintosh)graphicslibrary developedby
Apple Computerfor creating,configuring,andrendering3D graphicsobjects. It is designedto be
usefulto awiderangeof softwaredevelopers,from thosewith very little knowledgeof 3D modelling
conceptsandrenderingtechniquesto thosewith very extensive experiencewith thoseconceptsand
techniques.

At the mostbasiclevel, its file format (3DMF metafile format) andfile accessroutinescanbe
usedto display3D graphicscreatedby otherapplications,withouthaving to learnany of its coreAPI
interfaces. ExperienceduserscanuseQuickDraw 3D to develop moresophisticatedapplications,
suchasinteractive 3D modellingandrendering,animation,anddatavisualisation.

In QuickDraw 3D, creating3D graphicsis divided into threemain tasks:modeling,rendering,
andinteracting.Eachof thesetasksis subdividedinto anumberof subtasks.

Modelling:� creating,configuring,andpositioningbasicgeometricobjectsandgroupsof geometricobjects.
QuickDraw 3D providesmany basictypesof geometricobjectsandmany waysto transform
suchobjects.� assigningsetsof attributesto objectsandpartsof objects.� applyingtexturesto surfacesof objects.� configuringamodel’s lightsandshading.

Rendering:� specifyingacamerapositionandtype(perspective or orthographic).� specifyinga rendereror methodof rendering(wireframeor interactive renderer).� creatingaview (acollectionof lights,acamera,anda renderer)andrenderingthemodelusing
theview to createanimage.

Interacting:� determiningwhatkindsof pointingdevicesareavailableandpossiblyconfiguringthosedevices
to controlitemsin a3D model.� identifying theobjectsin a modelthatarecloseto thecursorwhentheuserclicks or dragsin
themodel’s image(picking).

QuickDraw 3D suppliesanextensive setof routinesto performthesetasks.

3.7 Java 3D

In August1997, the Java 3D API [Jav] specificationwasreleasedaspart of the “Java Media API
framework”. It givesdevelopershigh-level constructsfor creatingandmanipulating3D geometryand



3.7. JAVA 3D 25

for constructingthestructuresusedfor renderingthatgeometry. Applicationdeveloperscandescribe
very largevirtual worldsusingtheseconstructs,which provide Java 3D with enoughinformationto
rendertheseworldsefficiently.

Java 3D draws its ideasfrom existing graphicsAPIs andfrom new technologies.The low-level
graphicsconstructsuseconceptsfound in OpenGL,Direct3D, and QuickDraw 3D. Similarly, its
higher-level constructstakesideasfound in several scenegraphbasedsystem.Additionally, it im-
plementsalsonon-graphicsconcepts,suchas3D spatialsound. The most importantdesigngoals
are:

� Provideahigh level of performance.� Providea rich setof featuresfor creatinginteresting3D worlds.� Provideahigh-level, object-oriented,programmingparadigmthatenablesdevelopersto rapidly
deploy sophisticatedapplicationsandapplets.� Provide supportfor runtimeloaders,to accommodatea wide variety of file formats,suchas
VRML.

The SceneGraph Programming Model

Java 3D is anobject-orientedAPI. Individual graphicselementsareconstructedasseparateobjects
connectedtogetherintoatree-likestructurecalledascenegraph.Thescenegraphcontainsacomplete
descriptionof theentirescene,includingthegeometricdata,theattributeinformation,andtheviewing
informationneededto renderthescenefrom aparticularpointof view.

� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �
VirtualUniverse

Local

User Code
and Data

Behavior BranchGroup
nodes

TransformGroup
nodes

Shape3D ViewPlatform View

Other objects

Appearance Geometry

Figure3.3: Java 3D scenegraphexample.
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RenderingModes

Java 3D includesthreedifferentrenderingmodes,eachsuccessive renderingmodeallowing Java 3D
morefreedomin optimisingrenderingperformance:

1. ImmediateModeallows maximumflexibility at somecost in renderingspeed.It is usedfor
applicationsthatdo not wantJava 3D to do any automaticrenderingof thescenegraphor do
not evenwish to build a scenegraphto representtheir graphicaldata.Immediatemodecanbe
mixedwith retainedmodeandcompiled-retainedmode.

2. RetainedModerequiresan applicationto constructa scenegraphandto specify, which ele-
mentsof that scenegraphmay changeduring rendering.All objectswithin the scenegraph
areaccessibleandmanipulable.Detailedknowledgeaboutthescenegraphallows Java 3D to
performmany optimisationsproviding asubstantialincreasein renderingspeed.

3. Compiled-RetainedMode, like retainedmode, requiresan applicationto constructa scene
graphandspecifywhich elementsof that scenegraphmay changeduring rendering. Addi-
tional, someof thesubgraphsthatmake up thecompletescenegraphcanbecompiledinto an
internalformat,reducingaccessto theinternalstructureto aminimum,but providing maximal
renderingperformance.

Performance

As performanceis still Java’s greatestweakness,the questionis, whetherthe performanceof Java
3D implementationswill besufficient to provide usefulrenderingratesat todaysstandardcomputer
systems.Java 3D’s programmingmodelsimplifiesapplicationdevelopmentby leaving high-level
functionality, suchasscenegraphtraversal,to theJava 3D implementation.Althoughthis approach
seemsto createmorework for Java 3D implementations,it makespossiblethe introductionof opti-
misationsnotpossiblewith low-level APIs.

Additionally, leaving the detailsof renderingto Java 3D allows it to tune the renderingto the
underlyinghardware. Knowing which portionsof the scenegraphcannotbe modifiedat runtime
allows Java 3D to flatten the tree, pre-transformgeometry, or representthe geometryin a native
hardwareformat.

Besidestheseoptimisationsat scenegraphlevel, anothervery importantperformancefactor is
the time it takes to renderthe visible geometry. Java 3D implementationswill be layeredto take
advantageof thenative, low-level API availableon a givensystem.Initial Java 3D implementations
will belayeredatopof OpenGL,Direct3D,andQuickDraw 3D, whichmeansthatJava 3D rendering
will be acceleratedacrossthe samewide rangeof systemsthat aresupportedby theselower-level
APIs.

Java 3D implementationsarecurrentlyonly availablein earlyalphastatusfor a smallnumberof
platforms.This alphareleasedoesnot supportall of thefeaturesasspecifiedthewhitepaper. There
arealsomany bugsandperformanceis ratherpoor.



Chapter 4

The Virtual Reality Modeling Language
(VRML)

In theearly-1990s,whentheWorld Wide Webwason its way to becomethemostpopularInternet
service,a numberof peoplestartedto think over waysto extendtheconceptsof theWeb,bringing
its conceptualmodelfrom two dimensionsinto three.Thefirst applicationthatcombined3D models
andhyperlinkingacrosstheInternetwasthe“Harmony 3D SceneViewer”, which wasa browserfor
interlinked 3D modelsfor the Hyper-G Internetinformationsystem[Mau96]. It usedits own file
format, theSceneDescriptionFormat (SDF)for scenedescription.Thebrowserwasfirst presented
at the EuropeanConferenceon Hypertext in Milan in December1992[And92], which wasalmost
two yearsbeforethe first specificationof the Virtual Reality Modeling Language,todaysstandard
for describing3D sceneson theInternet,wasreleased.This chapterexplainstheoriginsof VRML,
discussesits evolution, andintroducesits basicconcepts.The last part of this chapterpresentsthe
mostpopularVRML browsersfor thedifferentcomputerplatformsandsomeVRML authoringand
softwaredevelopmenttools.

4.1 The Beginningsof VRML

In 1993,Mark Pesce,a cyberspaceresearcherandtheorist,startedwork on his ideato createa vir-
tual reality interfaceto the World Wide Web. Whenhe hadfinishedhis basicdesignfor a three-
dimensionalWebbrowser, henoticedthathisapproachwascompletelybeyondHTML’scapabilities,
andthathewould needto createa new language- anequivalentto HTML - thatcoulddescribethe
scenegeometryaswell ascommunicatewith theWeb.

SincePescehadnoexperiencein implementinglanguages,hecontactedAnthony Parisiandcon-
vincedhim to supporthis project. Parisi wrote a very simpleparserfor the first draft of their new
language,which wasusinga very simplesyntaxfor scenedescription[PP94]. By February1994,
they hadcreatedanapplicationthey called“Labyrinth”, whichcouldfetcha3D objectfrom theWeb
anddisplayit on thescreen.Clicking on theobjectcausedXMosaicto loadPesce’s homepage,and
in reverseclicking on a link in XMosaiccausedit to load the3D objectandto startLabyrinthasa
helperapplicationto show it on thescreen.

WhenTim Berners-Lee,theinventorof theWorld Wide Web,heardabouttheirwork, Pescewas
invited to presentit at thefirst WWW conferencein May 1994atCERNin Geneva. Thepresentation
of Labyrinth at the conferencewas a greatsuccess[PKP94], and the mailing list, which was set
up afterwards to coordinatefurther work, had over two thousandsubscriberswithin a week. At
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the conference,the new languagegot its nameVRML, which wasanacronym for “Virtual Reality
MarkupLanguage”(theterm“Markup” hasbeenreplacedby themoreappropriate“Modeling” later).

It turnedoutverysoonthatLabyrinthwasagoodbeginning,but little morethanademonstration
of what the eventualcapabilitiesof VRML shouldbe. On the otherhandtherewasa strongten-
dency ratherto take anexisting graphicslanguageandadeptit to thespecifiedneedsthanto create
a completelynew languagepeoplewould have to adoptandlearn. Several candidateswerefound
very soon,suchastheObjectOrientedGeometryLanguage (OOGL) from theGeometryCenterat
theUniversityof Minnesotaor theCyberspaceDevelopmentFormat(CDF) from Autodesk.

Finally, a programminglibrary, OpenInventor [Wer94], from Silicon Graphicsturnedout to
be the winner. As the Web communityis committedto openstandards,SGI hadto be convinced
to placeOpenInventor’s file format into the public domainwithout any restrictions. Considering
their influenceandadvantagesin furtherVRML development,SGI finally agreed,andthesubsetof
OpenInventorthatbecamethecoreof theVRML 1.0specificationwasplacedinto publicdomainin
summer1994.

Theremainingwork wasto extendthelanguageto meettherequirementsof theWeb,andto find
ascenedescriptionthatwouldhaveconsistentperformanceacrossawiderangeof computersystems.
Anotheraspect,interactivity, wasleft out almostcompletelyof thefirst specification,exceptfor the
hyperlinkingfeature.

4.2 VRML 1.0

Onthe17thof October, 1994,at thesecondWWW conferencein Chicago,Anthony ParisiandGavin
Bell, oneof OpenInventor’sprincipledesigners,presentedtheVRML 1.0draftspecification[BPP95].
Although this draft specificationstill neededsomerefinements,it gave developersa sufficient base
to ensurethatprogramsthatconformedto thedraft specificationwould work with future revisions.
Anotherimportantimpulsefor developmentof VRML toolswassetwith thereleaseof “QvLib”, a
VRML parserlibrary written in C++ andavailable for several computerplatformsandfor free, in
Decemberof 1994.

On the3rd of April, 1995,known as“Day Zero”, SGI releasedthefirst VRML browser, “Web-
Space”,which wasportedto severalcomputerplatformsby TemplateGraphicsSoftware. This was
just the startingsignal for many otherbrowsersand tools that were releasedwithin the following
months.

4.2.1 LanguageBasics

VRML definesa setof objects,theso-callednodes, thatareusefulfor doing3D graphics.They are
organisedin ahierarchicalstructure,thescenegraph. Theirpositionin thescenegraphhierarchyis of
greatimportance,becausestates,suchasmaterialsettings,remainvalid duringscenegraphtraversal,
which meansthat nodescanaffect nodesthat appearlater in the scenegraph. The effect of earlier
definedstatescanbelimited by useof aspecialnodetype(Separator ).

Nodesaredefinedby thefollowing attributes:

The nodetype: VRML 1.0 specifies36 different nodetypes,which can be divided into several
classes:shapenodes,geometryandmaterialnodes,transformationnodes,cameranodes,light-
ing nodes,andgroupnodes.Table4.1containsa completelist of VRML 1.0nodetypeswith
theclassesthey belongto in boldface.
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Additional parameters: Theseparameters,the so-calledfields, might differ for multiple nodesof
thesametype. Settingfield valuesis optional. If field valuesarenot specified,default values
areused.

A nodename: Namingof nodesis optionalandneednotbeunique,i.e. eachnodecanhaveonly one
name,but severaldifferentnodescanhavethesamename.Nodenamesareusedfor instancing,
whichmakesthesameinstanceof anodebeachild of morethanonegroup.

Child nodes: Somenodetypes,classifiedasgroupnodes,might containothernodesasvaluesof
theirfields,building upthescenegraph’shierarchicalstructuretherewith. Parentnodestraverse
theirchild nodesin orderduringrendering.

Therearetwo generalclassesof fields: fieldsthatcontaina singlevalue(wherethevaluemight
beasinglenumber, avector, or evenpixel dataof animage),andfieldsthatcontainmultiplesvalues.
Thetwo initial charactersof single-valuefield typesnamesare“SF”, suchasfor exampleSFFloat
thatcontainsasingle-precisionfloating-pointnumber, whereasthoseof multi-valuefield typesnames
are“MF”.

Shapenodes: Geometryand material nodes: Lighting nodes:
AsciiText Coordinate3 DirectionalLight
Cone FontStyle PointLight
Cube Info SpotLight
Cylinder LOD Group nodes:
IndexedFaceSet Material Group
IndexedLineSet MaterialBinding Separator
PointSet Normal Switch
Sphere NormalBinding TransformSeparator
Transformation nodes: ShapeHints WWWAnchor
MatrixTransform Texture2 Specialnode:
Rotation Texture2Transform WWWInline
Scale Texture2Coordinate2
Transform Cameranodes
Translation OrthographicCamera

PerspectiveCamera

Table4.1: VRML 1.0nodetypeclassesandtheirassociatednodetypes.

World WideWebconnectivity is introducedby threenodetypes:Texture2 , WWWAnchor, and
WWWInline .

Besidesthepossibility to specifytexture imagedatainline, a Texture2 nodeprovidesa field
that could containa URL specifyingwhereto readit from with supportfor commongraphicsfile
formats.

NodeWWWAnchorsupportslink anchorsattachedto its child nodes.Choosingoneof thechil-
dren,usuallyby clicking on it, activatesthe link pointing to a URL specifiedby oneof the node’s
fields. Of courseit is alsopossibleto establisha link betweentwo VRML worlds. This is calleda
“teleport”, becauseit makestheuserjump from oneworld into another.

The third nodeusingWWW technologyis WWWInline , which actslike a groupnodewhich
readsits child nodesfrom somewherein theWorld WideWebspecifiedby aURL in oneof its fields.
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Sinceit expectsto get its child nodesfrom this URL, resultsareundefinedfor URLs referencing
non-VRML documents.

Browserspecificextensionsaresupportedby self-describingnodes.Extensionnodesnot partof
standardVRML mustdefinea list of their fieldsfirst, so thatVRML browsersnot knowing how to
processthemareable to parseand ignore them. New nodesmay alsoextendthe functionality of
standardVRML nodes.In this case,if a browserdoesnot supporttheextension,thenew nodescan
betreatedastheexistingnodesuponwhich they arebased.

4.3 VRML 2.0and VRML97

Althoughchoosingasubsetof OpenInventorasthefundamentalof theVRML 1.0specificationfacil-
itateddevelopmentof browsersandtoolsonawidevarietyof platforms,it setverynarrow limitations
to extensionsincludingadvancedinteractionandanimationcapabilitiesat thesametime.

In the fall of 1995several long-termcontributorsto theVRML community, led by Mark Pesce,
formedthe VRMLArchitecture Group (VAG) to pushaheadandcoordinateVRML’s furtherdevel-
opment.VRML 1.1shouldhave beencompletedin November1995,but wasfinally droppedfor the
benefitof VRML 2.0.

At VRML’95, the first VRML-specificconference,proposalsof six groupswerepresentedand
discussed.Althoughall of themcontainedsomegoodideasandconcepts,it wasclear, that two of
themwerefront runners:“ActiveVRML” from Microsoftand“Moving Worlds” from SiliconGraph-
ics andSony. A decisionwasmadeat theVRML’95 thattheVAG shouldmake a formal requestfor
proposal(RFP)for VRML 2.0. Proposalswould thenbesubmitted,discussionwould ensue,anda
votewouldbetaken.Thevote,heldfrom the23rdof Februaryto the18thof March,1996,broughta
clearresult:Moving Worldshadaclear74percentmajority.

While theproposalwentthroughseverallevelsof draftsto thefinal specification,SiliconGraphics
starteddevelopmentof a fully VRML 2.0conformantbrowser, called“CosmoPlayer”[Cos] for their
graphicsworkstationsandthePC/Windowsplatforms.At thesametimeSony wasbusyimplementing
the “Community Place” [Son] browser, which was stronglymulti-userfocused. Experiencesand
insightsgainedduringbrowserdevelopmentgave valuablefeedbackto thespecificationauthors.At
Siggraphin August1996theVRML 2.0 specificationwaspublishedandmadeavailablein its final
version.

A revisedversionof this specification,complementedby several clarifications,andrenamedto
VRML97 wasacceptedasanISO(InternationalStandardsOrganization)[ISO97]standard.It is part
oneof ISO/IEC14772-1:1997,whosefull title is “Information technology– Computergraphicsand
imageprocessing– TheVirtual RealityModelingLanguage(VRML) – Part1: Functionalspecifica-
tion andUTF-8 encoding”.This means,that theentireVRML97 specificationis only onepartof a
multipartspecification.TheExternalAuthoringInterface(seeChapter5) [Mar97] is intendedto be
parttwo of thismultipartspecification.

4.3.1 LanguageConcepts

While Microsoft’s ActiveVRML proposalwould have beena radicaldeparturefrom VRML 1.0,the
chosenMoving Worlds proposalis a more naturalextensionof its predecessor. A VRML97 file
consistsof four majorfunctionalcomponents:theheaderline for easyidentificationof VRML files,
the scenegraphwith only few differencescomparedto VRML 1.0, the prototypes,which describe
new nodetypesin termsof alreadyexisting nodetypes,andevent routing to connectsourcesand
targetsof events.
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SceneGraph Structure

Similar to VRML 1.0,thescenegraphis a hierarchicallyorderedcollectionof nodeswhich describe
objectsandtheir properties.In additionto thosenodetypesthatdescribegeometry, transformations,
andlighting, which arealreadyknown from VRML 1.0, therearenew nodetypesfor audiosupport
andnodetypeswhichdefinebehaviour andparticipatein theeventgenerationandroutingmechanism.
Thesenodesaresensorsnodes,interpolatornodes,andespeciallyScript nodes.While in VRML
1.0states,suchasmaterialsettings,remainvalid alsofor nodesthatappearlater in thescenegraph,
this concepthasbeenomittedin VRML 2.0andVRML97. This simplifiesthescenegraphstructure
andincreasesbrowserperformanceandefficiency.

Event Processing

ThebasicVRML97 scenegraphstructureis verysimilar to thatof VRML 1.0in many respects.One
importantchangeis thatfieldsareno longersimplewrite-oncevaluesdefiningthecharacteristicsof
nodes.

In additionto theseconventionalfields, that areknown alreadyfrom VRML 1.0, the VRML97
specificationdefinesthetypesandnamesof a numberof eventsfor eachnodetype. Theseso-called
eventInsand eventOutsspecify the eventsthat eachnodemay receive or generate.EventInscan
receiveevents,whicharedatamessagessentby othernodesto changesomestatewithin thereceiving
node. EventOutsare usedto senddatamessagesto destinationnodesto indicatethat somestate
haschangedwithin thesendingnode.Eventsaretransientandeventvaluesarenot specifiedwithin
VRML files.

A specialfield type, an exposedField, unifiesthe characteristicsof all otherfield types: it can
receive eventslike eventIns,cangenerateeventslike eventOuts,andits initial valuecanbespecified
within VRML filesasfor conventionalfields.WhenanexposedFieldgetsanew valuevia aneventit
shall immediatelysendout thisnew valueasanevent.

Theconnectionbetweena nodegeneratinganeventanda nodethatshouldreceive it is calleda
route. Routesareestablishedby theROUTEkeyword followedby thesourceeventOutandthedesti-
nationeventInseparatedby theTOkeyword in between.Thetypesof theeventInandtheeventOut
mustmatchexactly. Redundantroutingis ignored.

Whena nodehasgeneratedan event, this event is propagatedalongany routesto othernodes.
Receiving this eventmaycausethedestinationnodesto generateadditionalevents,continuinguntil
all eventshave beenreceivedby their destinationnodesandno morenew eventsaregenerated.This
processis calledan eventcascade. To avoid loops,eacheventOutis limited to generateonly one
singleeventpertimestamp.If anodegeneratesmultipleeventssimultaneously, all of themarepartof
thesameeventcascade.All eventsgeneratedduringthesameeventcascadegetthesametimestamp.

SensorNodes

As the namesuggests,sensornodessensesomethingand generateevents when that something
changes.Sensorscanbe classifiedinto two categories: environmentalsensorsandpointing-device
sensors.Environmentalsensorsmay becomeactive basedon time or usernavigation throughthe
scene.Table4.2showsasummaryof all environmentalsensornodetypesandtheconditionsthey are
intendedto detect.

Pointing-device sensorsare activatedwhen the userlocatesthe pointing device over their as-
sociatedgeometry. Drag sensorsarea subsetof pointing-device sensors.Therearethreetypesof
dragsensornodes:CylinderSensor , PlaneSensor , andSphereSensor . All of themhave
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SensorNodeType ConditionsDetected
Collision Usercollisionswith thegeometrydefinedin its childrennodes
ProximitySensor Userpositionwithin aspecifiedregion
TimeSensor Lapseof time,startandendof timeperiods
VisibilitySenso r Visibility of specificpartsof theworld to theuser

Table4.2: VRML97 environmentalsensornodetypes.

eventOuts,that sendeventsfor eachmovementof the activatedpointing device accordingto their
“virtual geometry”(e.g.cylinder for CylinderSensor nodes).

Interpolator Nodes

Interpolatornodesaredesignedto simplify creationandcontrolof linearkeyframedanimations.An
interpolatornodecontainsfieldsthatspecifypositionsof pointsdefiningapiecewise-linearfunctionas
aresultof linearinterpolationbetweenthem.Thepositionsof thepointsarespecifiedby two equally
sizedsetsof numbers:the key set,whoseelementsaremonotonicallynon-decreasingvalues,and
thekeyValue setthatspecifiesthecorrespondingfunctionvalues.

An interpolatornodeis triggeredby an incomingevent containingthe valuethe functionvalue
shallbecalculatedfor. This valueis calculatedby linear interpolationandsentout asevent. There
aresix interpolatornodes,eachnamedafterthetypeof valuethatis interpolated:

� ColorInterpolato r : interpolatesamonga list RGBcolourtriple key values.� CoordinateInterp ol at or : interpolateslinearlyamongalist of coordinatevalues,where
eachcoordinatevaluespecifieszeroor more3D vectors.� NormalInterpolat or : interpolatesamonga list of normalvectorsets.Normalinterpola-
tion shallbeperformedon thesurfaceof theunit sphere,with eachinterpolatednormalvector
lying alongtheshortestarcbetweentwo givennormalvectorsandequallyspacedinput frac-
tionsresultingin arcsof equallength.� OrientationInter pola to r : interpolatesamonga list of rotationvalues,whereeach
rotationvalueis specifiedby a normalisedrotationaxisvectorandtheamountof right-handed
rotationaboutthataxisin radians.� PositionInterpol at or : interpolateslinearlyamonga list of 3D vectors.� ScalarInterpolat or : interpolateslinearlyamonga list of floatingpoint values.

Therelationshipbetweensensornodesandinterpolatornodesis very close.They canbe found
working togethervery often. This is becauseinterpolatornodescangeneratenew eventsonly as
reactionon incomingtriggerevents. In many casessensornodes,especiallyTimeSensor nodes,
provide this triggerevent.

Scripting

Both sensorsnodesand interpolatornodesadd behaviour to VRML worlds without any needfor
programming.This approachis called“static behaviour”: a setof event sourcesandevent targets
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arewired to enablechangein thescenegraph.Althoughthisapproachprovidesmechanismsto build
interestinginteractive,animatedscenes,theobtainablecomplexity of behaviour is restricted.

Implementingcomplex behaviours, so-called“dynamic behaviours”, requiresthe possibility to
querystate,to makedecisionsbasedon thatstate,andto changethestateof thescenebasedon these
decisions.This is exactlywhatprogramminglanguagesareveryusefulfor.

Integrationof arbitraryprogramminglogic into thesceneis achievedby Script nodes.Besides
its similarity to any othernodetype,aScript nodediffersin oneimportantpoint: sceneauthorscan
addadditionalfields,eventIns,andeventOutsto its standardfieldsasdefinedin thespecification,en-
ablingtheprogramor scriptthatimplementsthebehaviour to receive incomingeventsandto generate
eventsusingtheVRML97 eventprocessingmodel.How eventsarereceivedandgenerateddepends
on thebrowserimplementationandthescriptinglanguageusedfor behaviour implementation.

TheScript node’s standardfieldsareusedto referencetheprogramor script(eitherby a URL
or containinginline code),andto enablecontrolover how theScriptnodeperformswithin thescene
graph.

AlthoughtheVRML97 specificationdoesnot requireany specificscriptinglanguageandmerely
describesthegeneralmechanismsandsemanticsof all scriptinglanguageaccessprotocols,adetailed
specificationfor thetwo mostfrequentlyusedscriptinglanguages,Java [LMM96] andECMAScript
(JavaScript),thatarealsosupportedby mostbrowsers,canbefoundin its annexes.

A Script nodeis activatedwhenit receivesanevent. Thebrowserthenexecutesthespecified
programor script to processthe event, performinga wide variety of actionsincluding generating
andsendingout events,performingcalculations,andcommunicatingwith othercomputersover a
network. Any eventgeneratedasa resultof processinganevent is given thesametimestampasthe
processedevent.

Nodes

nodes
Sensor

nodes
Script

Execution
Engine

Graph
Route

Scene Graph

add/delete route

eventOuts

initial events

eventIns

directOutput
events

Figure4.1: VRML97 conceptualeventexecutionmodel.

Besideshaving accessto thefields,eventIns,andeventOutsof theScript nodesthey areasso-
ciatedwith, programsor scriptscanaccessany eventInor eventOutof othernodethey haveaccessto.
In thisway they mayalsosendeventsto thosenodesdirectly, bypassingtherouteconcept.

The VRML97 specificationprovidesa setof methods,the BrowserScript Interface, that allow
programsor scriptsto getandsetbrowserstate.Besidessomeverysimplefunctions,suchasgetting
thebrowsernameandversion,it providesmethodsto performoperationssuchas:

� replacingthecurrentsceneby anew onespecifiedby its rootnodes,
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� loadingaURL,� creatingnew nodesfrom astringcontainingVRML statements,� loadinga VRML scenedescriptionfrom a URL andsendinganevent containingthe scene’s
root nodesto anode,� addinganddeletingroutes.

Figure4.1showsaconceptualillustrationof theVRML97 eventexecutionmodel.

Prototypes

Prototypingis a mechanismto parameterisea setof nodesthat make up a modelandto be ableto
make copiesof thosenodesbut beableto specifydifferentparametersfor eachcopy.

A prototypedeclarationstartswith the PROTOkeyword andconsistsof threeparts: the name
of thenew nodetype,a declarationof its interface(fields,eventIns,eventOuts,andexposedFields)
includingalsoinitial default values,andthedefinitionof thenew nodeitself. The definitionof the
nodecanconsistof any legal VRML standardnodesandmay alsoincludeany previously defined
prototypes.Nodesinsideof the prototypedefinition may have their fields, eventIns,or eventOuts
associatedwith thefields,eventIns,andeventOutsof theprototypeinterfacedeclarationusingtheIS
keyword.

A naturalextensionof prototypingis to provide a mechanismto shareprototypesamongseveral
VRML files. The local declarationstartingwith the EXTERNPROTOkeyword is analogousto pro-
totypedeclaration,with the exceptionthat the interfacedeclarationdoesnot containinitial default
valuesandtheprototypedefinitionmustbe readfrom a separateVRML file referredto by a list of
URLs. This featurecanbeusedto build up librariesof usefulnodetypesto simplify scenecreation.

4.4 Browsersand Tools

4.4.1 VRML Browsers

As a subsetof their OpenInventorprogramminglibrary’s file formatbecamethecoreof theVRML
1.0 specificationandwasplacedinto public domaintherefore,Silicon Graphicshasbeena driving
forcebehindthedevelopmentof VRML from thebeginningandwasalsothefirst to releaseaVRML
browser, “WebSpace”,in April 1995. Of coursethis browserwasalsobasedon the OpenInventor
library. While Silicon Graphicscaredaboutdevelopmentfor their own hardware,porting to other
platforms(IBM AIX, SunSolaris,Windows) was taken over by TemplateGraphics. Many other
browserswherereleasedwithin the following months:“WebView” from theSanDiego Supercom-
puterCenter(SDSC),“WorldView” from InterVista Software,“WebFX” from PaperSoftware,and
so on. “VRweb” [And95] [POA � 95], a joint projectbetweenIICM, NCSA, andthe University of
Minnesota,providedaplatformfor researchandexperiment,sinceits sourcecodeis availablefreeof
chargefor non-commercialuseandit is basedentirelyon freelyavailablesoftwarecomponents.

As the“Moving Worlds” proposalfrom Silicon GraphicsandSony won thevotefor theVRML
2.0 standardin FebruaryandMarch1996,thesetwo companieswerethe first to startdevelopment
of VRML 2.0 conformantbrowsers.SGI’s projectwascalled“CosmoPlayer”,Sony’s browserwas
named“CommunityPlace”.Browserdevelopmentwenton simultaneouslywith thedevelopmentof
the Moving Worldsproposalinto the final VRML 2.0 specification,so that the browserdevelopers
andthe specificationauthorscould exchangetheir experiencesandinsightswith eachother. When



4.4. BROWSERSAND TOOLS 35

the final VRML 2.0 specificationwaspresentedat Siggraphin August1996,both browserswere
availablein a versionthatsupportedthis specification.Sincethen,therehasbeena flood of releases
andannouncements.Table4.3givesashortoverview over commonlyusedVRML97 browsers.

“VRwave” [APP� 98] from the IICM is the successorprojectof VRweb. The new nameis in-
tendedto point out that althoughit is very similar to VRweb in term of look andfeel, it follows a
completelynew approachasit is written largely in Java (parsing,scenegraphmanagement,andpro-
gramlogic). For performancereasons,renderingis still donein native codeusingOpenGLor Mesa.
VRwave is subjectof thefollowing chaptersof this thesis.

Browser Vendor Platform RenderingLibrary
blaxxunCC3D blaxxuninteractive Windows 95/NT OpenGl,Direct3D
CommunityPlace Sony Corporation Windows 95/NT Renderware,Direct3D
CosmoPlayer CosmoSoftware SGI,Windows 95/NT OpenGL
VRwave IICM SGI,Solaris, GE3D(OpenGL/Mesa)

DECAlpha,Linux, ...
WorldView InterVistaSoftware Windows 95/NT, Direct3D,QuickDraw 3D

Macintosh

Table4.3: VRML97 browseroverview.

4.4.2 VRML Tools

This sectiondealswith two typesof VRML relatedapplications:VRML world buildersandVRML
parsers.

VRML world buildersare3D drawing applicationsusedto createVRML worlds. Usually they
provide an interactive userinterfaceto add,delete,andmodify scenecontent. While many world
builders usetheir own proprietaryfile format and provide only VRML export functions,“Cosmo
Worlds” from CosmoSoftware is a comprehensive interactive 3D Web authoringand publishing
systemthat combinesthe entire VRML developmentcycle, including low-polygon 3D modeling,
appearanceediting,keyframeanimationandbehaviour scripting,lighting andsound,navigationset-
tings,performanceoptimisations,andWebpublishing.

VRML Parsersarelibrariesof functions,routines,or methods,thataid programmersin develop-
ing codeto parseVRML fileswithin aVRML browser. Thereleaseof “QvLib”, asetof C++routines
to parseVRML 1.0filescreatingparsetrees,whichmaybetraversedby programs,gaveanimportant
impulsefor VRML softwaredevelopment,becauseit wasfreely availablefor severalcomputerplat-
forms.“pw” (shortfor “parseworld”) is aVRML97 parserpackagethatis writtenentirelyin Java. It
is availableaspartof theVRwave VRML97 browseror separatelyundertheGNU Library General
PublicLicense.
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Chapter 5

The External Authoring Interface (EAI)

5.1 Intr oduction

During thediscussionsin themiddleof 1996a numberof peoplewereinterestedin includingsome
sortof interfacebetweenVRML browsersandexternalapplicationsin thefinal VRML 2.0specifica-
tion,whosecompletionwasalreadyverynearatthistime. Realisingtheamountof work requiredand
theshorttimespanavailableto completethebasicspecification,thespecificationwriterspostponedit
to somelaterstage.

As thediscussionscontinuedafterthefinal completionof VRML 2.0,ChrisMarrin from Silicon
Graphicsproposeda Java-basedexternal interfaceto VRML browsers[Mar97]. The proposalwas
releasedin December1996andwasfollowed by an implementationin SGI’s CosmoPlayerVRML
browser. While this proposalwasintendedmainly asa demonstrationof what could be donewith
anexternalinterface,anumberof otherbrowsersincludedaJava basedEAI implementation,andthe
proposalbecameapseudo-standard.VRwave’s EAI implementationis describedin Chapter8.

5.2 FundamentalEAI concepts

TheExternalAuthoringInterfacedefinesaninterfacefor communicationbetweentheVRML scene
andanexternalenvironment.Theexternalenvironmentcanget informationaboutthesceneanduse
functionsto integrateitself into theVRML97 eventmodelto sendandreceive events.Conceptually,
theExternalAuthoringInterfaceallows four typesof accessinto theVRML scene:

1. Accessingthefunctionalityof theBrowserScriptInterface.

2. Sendingeventsto eventInsof nodesinsidethescene.

3. Readingthecurrentvalueof eventOutsof nodesinsidethescene.

4. Receiving notificationwheneventsaresentfrom eventOutsof nodesinsidethescene.

Currently, theEAI is a proposedInformative Annex to theVRML97 specification.This means
that browserimplementationscanchoosewhetheror not to implementtheEAI andstill have com-
pleteVRML97 compliance.Developmentof theEAI is not yet finished.Furtherenhancementsand
extensionsareunderdiscussionby theExternalAuthoringInterfaceWorkingGroup.

37
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5.2.1 The BrowserScript Interface

To initiate communicationwith a VRML world, the externalenvironmentfirst hasto obtaina ref-
erenceto a VRML browser object. This object can either be created,in which casethe external
environmentis responsiblefor providing all informationneededto introducetheobjectinto theenvi-
ronment,or areferenceto analreadyexistingbrowserobjectis obtainedby theexternalenvironment.
Thedetailsof how abrowserreferenceis obtainedarelanguagespecific.

As in scriptswithin theVRML scene,thebrowserobjectallowsaccessto thefull functionalityof
theBrowserScriptInterface.Browserstatecanbequeried,routescanbeaddedanddeleted,andnew
nodescanbecreated.Figure5.1illustratesthis basicconcept.
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Graph
Scene Browser
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Interface

Route
Graph

Browser
VRML97
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Figure5.1: BasicExternalAuthoringInterfaceconcept.

5.2.2 NodeAccess

According to the VRML event model,a script in a Script nodethat hasa referenceto a node
cansendeventsdirectly to any eventInof thatnodeandcanreadthe lastvaluesentfrom any of its
eventOuts. The Script node(andthereforethe script it contains)canget a nodereferencewith
the USEconstruct.Sincethe externalenvironmentcannot usethis mechanismimplicitly, the EAI
providesanexplicit methodto getreferencesto nodesthatarenamedby aDEFconstruct.Oncearef-
erenceis obtained,theeventIns,eventOuts,andexposedFields,whichcontaineventInsandeventOuts
implicitly, of thatnodecanbeaccessed.

5.2.3 SendingEvents

Oncea nodereferenceis madeavailableto the externalenvironment,an event may be sentto any
eventIn of that node. The datasent is specificto the field type of that eventIn and is formatted
appropriateto thelanguageused.
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5.2.4 ReadingeventOut Values

Any eventOutof anodeto which theexternalenvironmenthasa referencecanberead.Theobtained
valueis thelastvaluesentto thateventOutor thedefault valuefor thateventOuttypeif noeventhas
everbeensent.Thedatatypeis specificto thefield typeof thateventOutandis formattedappropriate
to thelanguageor protocolused.

5.2.5 Notification of eventOut Changes

The externalenvironmentcanregisterto receive notificationwhena given eventOutchanges.The
registrationrequestis madeto thenodecontainingtheeventOut.During theregistrationprocessthe
externalenvironmentcansupplya tokenthatwill bereturnedalongwith thedatavalueof theevent.
This token canbe usedby the externalenvironmentto uniquely identify this event in caseswhere
eventsarenot implicitly unique.Thedatasuppliedduringnotificationis specificto thefield typeof
thateventOutandis formattedappropriateto thelanguageor protocolused.

5.3 The Java External Authoring Interface

Althougha variety of otherinterfaces,both languagebasedandprotocolbased,would bepossible,
mostpracticalexamplesof communicationbetweenexternalenvironmentsandVRML worldsshown
to dateusetheinterfacebetweena Java appleton a HTML pageandanembeddedVRML world on
thatsamepage.

TheJava implementationof theExternalAuthoringInterfaceis specifiedin threeJava packages:
vrml.external ,vrml.external.f iel d, andvrml.external.ex cept io n. Figure5.2
shows the classhierarchy. A compiledJava appletor standaloneapplicationcanbe usedwith any
VRML browser’s ExternalAuthoringInterfaceimplementation.

5.3.1 The BrowserClass

An externalJava appletor applicationcommunicateswith the VRML world by first obtainingan
instanceof classBrowser . Thisclassis theJava encapsulationof theVRML world. It containsthe
entireBrowserScriptInterfaceaswell asa getNode() methodto accessnodes.AlthoughtheEAI
proposaldefinesa staticBrowser.getBrows er () methodthat returnsthe requiredBrowser
object,many EAI exampleprogramsdevelopedfor andtestedwith theNetscapeNavigatorandSGI
CosmoPlayerVRML browserplugin combinationuseNetscape’s proprietaryLiveConnectinterface
to obtaintheBrowser object.

5.3.2 AccessingNodes

Onceaninstanceof classBrowser hasbeenobtained,it canbeusedto gainaccessto specificnodes
in theVRML world currentlycontainedby thebrowser. This is doneby callingmethodgetNode()
of the obtainedBrowser object,which getsthe DEF nameof the desirednodeasargumentand
returnsanobjectof classNode which is theJava representationof thatnode. This objectcanthen
be usedto accesseventInsandeventOutsof that node,or asan argumentfor somemethodsof the
BrowserScriptInterface.
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Figure5.2: Java ExternalAuthoringInterfaceclasshierarchy.
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5.3.3 SendingEvents

Once a node referenceis obtained, all its eventIns are accessibleusing the Node object’s
getEventIn() method. This methodis passedthe nameof the eventIn andreturnsa reference
to an instanceof classEventIn , if aneventInwith thatnameis found. ExposedFieldscanalsobe
accessed,becausethey containeventInsimplicitly (passednamesareeventuallyprefixedby theset
modifier). The returnedEventIn objecthasto be castto the appropriateeventIn type subclass,
whichprovidesmethodsto sendeventsof thegiventype.

5.3.4 AccessingeventOuts

In analogyto thefirst stepof eventsending,a Node object’s getEventOut() methodis usedto
obtaina referenceto an instanceof classEventOut . Again alsoexposedFieldscanbe accessed,
eitherby passingonly their namesor by appendingalsothe changed modifier. Oncean instance
of adesiredEventOut hasbeenobtained,two operationscanbeperformed:

1. Retrieving thecurrentvalueof thereferencedeventOut.

2. Settingupacallbackto beinvokedwheneveraneventis generatedfor thereferencedeventOut.

EventOut objectshave to be castto the appropriateeventOuttype subclasses,which contain
appropriatemethodsto readthecurrentvalues.

5.3.5 The EventOut Observer

To receive notificationwhenaneventis generatedfor aneventOut,anobjectof aclassimplementing
the EventOutObserv er interface(i.e. it implementsthecallback() methoddefinedby this
interface)hasto be passedasa parameterto the EventOut object’s advise() methodfirst. A
secondparameterof classObject , which is the root of Java’s classhierarchy, is usedto passan
arbitraryuser-definedobject.

Then,whenever an event is generatedfor that eventOut,the callback() methodof the reg-
isteredobject is executedandis passedthe valueandtimestampof the event. The callback()
method’s third argumentis the userdefinedobjectthat hasbeenpassedto the advise() method
before.It allows a singleobjectimplementingtheEventOutObserver interfaceto handleevents
from multiplesources.

5.4 Further EAI Development

AlthoughChrisMarrin’s first proposalhadalreadymentionedthepossibilityto useits conceptsalso
with otherlanguages,it took a while until therewasa first non-Java implementationof anexternal
interface,which waspresentedat Siggraph97. Also the numberof demandsfor an ECMAScript
(former known asJavaScript)implementationof the EAI was increasing.As a result, the VRML
Consortium[VRM] issueda requestto ChrisMarrin to form a workinggroupandto take thecurrent
EAI pseudo-specificationandformaliseit includinganonlanguagespecificspecification.

This working groupwasformedin December1997,startingits work with the releaseof a new
specification.Many peoplein theworking groupwantedto go well beyondtheformalisationof the
existingspecification,but theVRML Consortiumagainrequestedtheworkinggroupto minimisethe
numberof new additionsto theexisting functionality.
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Following theVRML98 conferencein February1998JustinCouchstartedwork on analternate
proposal,which includedmany radicaldesignchanges.Most of his ideaswererejected,but thecore
- the restructuringof the classesaccordingto the philosophyof Java 1.1 - stayed.From this base,
Couchthenslowly developedanew proposal,whichwassplit into two parts,a languageindependent
descriptionanda Java binding. At Siggraph98 theworking groupmetagainandtheproposalwas
acceptedandit wasagreedthat work for the ISO standarddocumentshouldstart. The first official
draftof theISOstandarddocumentwasthenreleasedon17thAugust1998.



Chapter 6

The VRwaveVRML Browser

In 1992,developmentof a browser for interlinked 3D modelsfor usewith the Hyper-G [Mau96]
informationsystemwasstartedat theIICM (Institutefor InformationProcessingandComputerSup-
portedNew Media).As therewasnostandardfile formatfor 3D hypermediamodelsat this time,the
browser, calledthe“Harmony 3DSceneViewer” [Pic93], definedits ownfile format,calledSceneDe-
scriptionFormat(SDF).Thisbrowsercombiningfor thefirst time 3D modelsandhyperlinkingover
theInternetwaspresentedat theEuropeanConferenceonHypertext in December1992[And92].

As VRML evolved to the future standardfor 3D scenedescriptionon the Web in late 1994,it
seemedto bereasonableto adaptthebrowserto supportthisnew language.IICM, theNationalCenter
for SupercomputingApplications(NCSA, the homeof Mosaic),and the University of Minnesota
(homeof Gopher)initiated a new project to develop “VRweb” [POA � 95], a VRML 1.0 browser
basedon theHarmony 3D SceneViewer, freelyavailablein sourcecode.Thefirst versionof VRweb
wasreleasedon5thJuly1995.

When the first VRML 2.0 draft specificationwaspublishedin the summerof 1996, the basic
decisionwaswhetherto continueVRweb’s developmentaddingsupportfor thenew conceptsof the
language,or to startanew projectfrom scratchusingJava,whichwasgainingacceptanceat this time
andpromisedseveraladvantagesoverC++,whichhadbeenusedfor developmentof VRweb. Finally
choicewasmadefor thelatter, andthefirst versionof thenew browser, named“VRwave” [APP� 98],
wasreleasedon the3rdFebruary1997.

6.1 The Ar chitecture of VRwave

This sectiongivesan overview over the internalclassstructureof VRwave anddescribesthe main
functionalityandconceptsof its mainclasses.Implementationof therenderingfunctionalityandof
theJava ExternalAuthoring Interface(EAI) [Mar97] aredescribedin moredetail in Chapter7 and
Chapter8.

VRwave sourcecodeconsistsof severalJava packages,which aresummarisedin Table6.1. For
performancereasons,renderingandsomeotherpartsof VRwave that have to do time-consuming
calculationshave beenimplementedin C. Thediagramin Figure6.1shows theinternalarchitecture
of VRwave.

43



44 CHAPTER6. THE VRWAVE VRML BROWSER

Packagename Contents
iicm.vrml.vrwav e coreclasseshandlingbrowserlogic
iicm.vrml.pw ‘pw’ VRML 97parser(alsoavailableseparatefrom VRwave)
iicm.vrml.vrwav e. pwdat VRwavespecificclassesto storeadditionalnodedata
iicm.widget reusableGUI widgets
iicm.ge3d rendering(native methodsimplementedin C)
iicm.utils3d 3D datastructuresandutility classes
vrml.external
vrml.external.f ie ld Java ExternalAuthoringInterfaceclasses
vrml.external.e xc epti on
vrml
vrml.field Java within Scriptnodessupport(notyet implemented)
vrml.node

Table6.1: VRwaveJava packages.

6.1.1 Representationof a VRML Scene

Controlandmanagementof aVRML scenein VRwaveishandledalmostcompletelybyaninstanceof
classScene of packageiicm.vrml.vrwa ve . Thisinstanceis originallycreatedin classVRwave
(alsoof packageiicm.vrml.vrwa ve ), which is thebrowser’s entrypoint andcanbe run either
asa standaloneJava applicationor asa Java appletembeddedin HTML (for compatibilitywith EAI
exampleapplicationson theWebthereis alsoa way to useit asplugin for theNetscapeNavigator
Webbrowser). Asidefrom creatinga Scene object,it evaluatesparametersgivenon thecommand
line or specifiedinsideof theAPPLETtag,andcreatestheVRwaveapplicationwindow thatcontains
GUI elementsbasedonJava’s AbstractWindowingToolkit (AWT) classesandalsothescenedrawing
area,whenrun asstandaloneapplication.If VRwave is run asanapplet,thedrawing areais located
insideof the appletarea(derived from the AWT Panel class). The drawing areais implemented
in classiicm.ge3d.OGLCa nvas , which is a subclassof theAWT Canvas classandusesnative
codeto embedanOpenGLwindow into Java GUI components.

ClassScene providesseveralmethodsto passtheVRML97 input datafrom differentsources,
suchasfrom files locatedsomewherein theWebandreferencedby URLsor localfiles, to theparser.
It keepsthe root nodesof the VRML scene,which arereturnedby the parserasa singleobjectof
classiicm.vrml.pw.Gr oupNode allowing uniform handlingduringscenegraphtraversal,and
a namingdictionarythat referencesnamednodesby their namesandis alsocreatedby the parser.
Moreover, classScene handlesuserinteractionsanddrawing of thescene.

6.1.2 The ‘pw’ VRML97 Parser

The ‘pw’ (short for “parse world”) VRML97 parseris implementedin the classesof package
iicm.vrml.pw . An importantdesigngoal wasto keepit free from any VRwave specificcode.
Thereforethewholepackagecouldbeusedby any otherVRML97 relatedsoftware,completelyin-
dependentof VRwave.

Its mainclass,VRMLparser , readstheVRML inputdatafrom aJava inputstreamandbuildsup
thescenegraphrepresentingnodesasinstancesof classesderivedfrom classNode, which provides
thebasicoperationsthatmaybeappliedto nodes.

Therearebaseclassesfor nodetypecategories(groupingnodes,geometrynodes,etc.) andeach



6.1. THE ARCHITECTUREOFVRWAVE 45

pw

Scene Graph

ProtoScript
(Java)

Movie
TextureSound

Viewpoint
�

TimeSensor
�

Drag Sensors

class.forName

G
E
3
D

A
W
T

VRwave 0.9
�

VRML
�

97
	

A
W
T

I
n
p
u
t

Java App(let)

URL.openStream
Toolkit.getImage

Java VM



EAI
(Java)

Inline

Texture
�

interaction

navigation

createVrmlFromString

Anchor
�

Web
Browser

J
D
K

1
0
2

n
a
t
i
v
e

Mesa

 or

OpenGL
�

To be implemented
�

Figure6.1: Theinternalarchitectureof VRwave.

VRML97 nodetypeis representedbyanobjectof thecorrespondingclassthatimplementsthespecific
propertiesof thenodetype,sothat,for example,a Transform nodeis representedby anobjectof
classTransform , which is derivedfrom classGroupNode , which is a subclassof thebasicnode
representationclassNode. VRwave’s internalscenegraphrepresentationis illustratedin Figure6.2.

Fieldswithin nodesarerepresentedby instancesof classesderived from the generalfield rep-
resentationclassField , which is alsothe parentclassof eventIns,eventOuts,andexposedFields
andprovidesalsomethodsto createandto remove routestherefore.EacheventOutor exposedField
keepsa list of eventInsor exposedFieldsit hasa routeto. Again theactualrepresentationof afield is
achievedby anobjectof asubclassof classField accordingto thetypeof thefield value.

ClassTraverser handlesrecursive traversalof thescenegraphby visiting eachnodeandpro-
viding methodsfor all nodetypes,which arecalledduringscenegraphtraversal.Thesemethodsare
abstractmethodsthathave to beimplementedby derivedsubclassesallowing implementationof any
kind of scenegraphtraversaloutsideof theparserclasses.

This conceptis usedby thepreprocessingstepperformedby VRwave beforedrawing thescene
for thefirst time. ClassBuilder of packageiicm.vrml.vrwa ve subclassesclassTraverser .
Its implementationof the abstractmethodsprovided for eachnodetype performstime-consuming
calculationsof additionalnodeinformationthat shouldnot be recalculatedat eachredraw (e.g. the
transformationmatrixdefinedby aTransform node).ClassNode providesauserdata field that
getsareferenceto anobjectof aclassof packageiicm.vrml.vrwa ve. pwdat ,whichis usedfor
storageof additionalnodeinformationobtainedat the preprocessingstep. For dynamicscenesthe
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Figure6.2: Scenegraphrepresentationin VRwave(all classesarepartof packageiicm.vrml.pw ).

storednodeinformationhasto beupdatedwheneveranincomingeventchangesthevalueof afield it
dependson.

6.1.3 Rendering

Renderingof a 3D scenein VRwave is donevia native methodcalls to GE3D renderinglibrary
functions.While thelatestofficially releasedversion,VRwave0.9,canuseonly theJava native code
interfaceof JDK 1.0.2,supportfor theJavaNativeInterface(JNI) introducedby Sun’sJDK 1.1.xand
theJavaRuntimeInterface(JRI)usedby Netscape’s Webbrowsershasbeenaddedin themeantime.

At a lower level, renderingis basedon OpenGLor theMesalibrary thatusesalsotheOpenGL
API. The drawing area is implemented by the class SceneCanvas of package
iicm.vrml.vrwav e, which extendsclassOGLCanvas that createsan OpenGLcontext in an
AWT canvasarea.This is describedin moredetailin thenext subsection.

Scenerenderingis initiated eitherby repaintrequestsof the drawing areacomponent(window
resize,movement,etc.) or by calling methodredraw() of classScene . In bothcasessceneren-
deringis doneby scenegraphtraversalin classDrawer (packageiicm.vrml.vrwav e),whichis
anothersubclassof classTraverser . This time theimplementationof theabstractmethodsspeci-
fiesdrawing rulesfor eachnodetypein termsof callsof nativemethodsof classiicm.ge3d.GE3D
usinginformationstoredin theobjectscreatedduringthepreprocessingstep.

Afterwards,navigationinterfacegraphics(for exampletheheads-upnavigationmodeicons)are
drawn atopof the3D scene.

6.1.4 OpenGL and Java

For lackof implementationsof theJava3D API whenwork onVRwavebegan,3D graphicsprogram-
mingin Javais basedonJavabindingsto OpenGL.A first implementationhasbeendoneby LeoChan
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at theComputerGraphicsLab of theUniversityof Waterloo[Cha], followedby variousotherimple-
mentations,but noneof themis consideredto bethe“official” standardbindingfor OpenGL.

While providing Java wrappersfor OpenGLcalls canbe doneeasilyby useof native methods
andtheJavanativecodeinterface,themoredifficult partis to setuptheOpenGLgraphicscontext. A
rathersimpleapproachwouldbe,to let thenative codecreatea new top level window for rendering.
Unfortunatelythis approachdoesnot allow true integrationof 3D outputinto theJava application’s
GUI components,suchasmenubars,buttons,statuslinesandsoon.

Full integrationcanbeachievedby embeddingtherenderingareainto anareathat is associated
with aJava GUI component,usuallyof classCanvas (ablankrectangularareaontowhichanappli-
cationcandraw). For thisreasonit is necessaryto obtainthenativewindow informationof thecanvas
andto establishanOpenGLcontext for it.

Native window information can be obtainedby accessingthe component’s underlying peer
classes.This methodis very reliableandallows useof severalOpenGLcanvaseswithin onesingle
Javaapplication,but dependsnotonlyontheplatform,but alsoontheparticularJDK implementation,
astheinterfaceto accessthepeerclassesmaybedifferent.

VRwave chooses another approach to get the window information. Class
iicm.ge3d.OGLCan vas ,whichsubclassesJava’s AWT Canvas class,providesnativemethods,
thatimplementsearchfor thecanvas’nativewindow ID, andcreation,activation,andinitialisationof
anOpenGLcontext. Findingthenative window informationis donein two steps:in thefirst stepthe
VRwave applicationwindow ID is foundby examiningthewindow titles of all childrenof theroot
window andcomparingthemto the known title of the Java framewindow. Afterwards,the canvas
window ID is determinedby choosingthe mostdeeplynestedsubwindow found during recursive
search.

As Java3D implementationswill becomeavailable, the native coderenderingpart of VRwave
couldbereplaced,resultingin a100%pureJava application.

6.1.5 Event Processing

Methodsfor event generationareprovided by classField . As mentionedabove, fields,eventIns,
eventOuts,andexposedFieldsarerepresentedby objectsof classesthatarederivedfrom classField
andareinheritingthesemethodstherefore.

When an event has to be generatedand sent via an eventOut, the eventOut object calls its
sendEvent() method, which passesthe current timestamp and itself as sender to the
receiveEvent() method. The eventOutobjecthandlesgenerationandsendingof a new event
identically to receiving an event and passingit on to thoseeventInsand exposedFieldsit hasa
route to, which are kept in a list (see‘pw’). The receiveEvent() methodsimply calls the
receiveEvent() methodsof all the eventInandexposedFieldobjectsstoredin this list leaving
theoriginal timestampunchangedastheseeventsarepartof thesameeventcascade.

The receiveEvent() methodprovides also a mechanismto notify objects,which imple-
ment the GotEventCallbac k interfaceand have registeredthemselves, whenever the eventIn
receivesanevent. Eachof theseobjectshasto implementa callback() methodasspecifiedby
theGotEventCallback interface.ThereceiveEvent() methodexecutesthecallbacksof all
theregisteredobjects.

This mechanismis usedto updatethe additionalnodedatacalculatedduring the preprocessing
step(if the incomingevent haschangeda field value they dependon), and to checkwhetherthe
incomingeventshouldcausea nodeto generateadditionalevents(e.g. an interpolatornodeshould
generateandsendoutaneventcontainingthenew interpolatedvalue,whenever its set fraction
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eventInreceivesanevent).

Environmentalsensorsare not yet implementedexcept for the TimeSensor node. On each
redraw theScene objectgetsthecurrentJava systemtime, passingit to all TimeSensornodesthat
havebeenregisteredduringthepreprocessingstep,whichuseit astimestampfor eventsthey generate.
Thepaint() methodof classSceneCanvas ensurescontinuousredrawing if thereareany active
TimeSensor nodes.

Pointing-devicesensorsarehandledin theAWT eventhandlingmethodsof classSceneCanvas ,
while theirbehaviour is implementedin correspondingclassesof packageiicm.vrml.pw . Mouse
andkeyboardeventsareseparatedinto two categories:navigationandinteraction.Navigationevents
controltheuser’s movementthroughthesceneusingoneof theavailablenavigationparadigms(such
aswalk or fly to), whereasinteractioneventsreferto activationandmanipulationof Anchor nodes,
TouchSensors nodes,anddraggingsensorsusingclassiicm.vrml.vrwav e. Pi cke r , again
a subclassof classTraverser , to get informationaboutthe point on the geometrysurfacethe
pointingdevice cursoris locatedover.

6.1.6 Communication

Inline scene and texture image requests are handled by an instance of class
iicm.vrml.vrwav e. URLServ er . Loadingof scenesandimagesshouldbedonein the back-
groundwithout blocking,which canbe implementedin Java very easilyby useof separatethreads.
To berun asa separatethread,classURLServer hasto implementthe java.lang.Runn able
interface.

Nodesthatrequestsceneor imagedataarestoredin afirst-in-first-outqueue.As longasthereare
nodesin thisqueue,thedatarequestedby thequeue’sfirst elementis loadedby callinganappropriate
methoddependingon thenodetype(Inline or ImageTexture node).

Inline scenedatais directedto theparser. Thescenegraphcreatedby theparseris traversedby
theBuilder objectfor preprocessing,its rootnodeis storedin theuserdata field of theInline
noderepresentation.

Texture imagedatais obtainedby calling methodjava.awt.Toolk it .g etI mage() . The
loading process is initiated and controlled by a helper class that implements the
java.awt.image. ImageConsumer interfaceimplementingsetPixels() methodsthatput
theloadedpixel datainto aJava integerarray. Thisarrayis passedto amethodof classGE3D, which
convertsthedatainto a formatneededfor OpenGL/Mesafunctioncallsandencapsulatesthetexture
insidea displaylist returningthe displaylist identifier for useat drawing. The supportedgraphics
file formatsareGIF (GraphicsInterchange Format) [Com87] andJPEG(Joint PhotographicExperts
Group) [Wal91].

Anchoractivationis handledby theScene object.It sendstheassociatedURL informationto a
Webbrowserandcausesit to retrieve anddisplaytherequesteddocument.If VRwave is runningas
anappletin thebrowser’s virtual machine,this canbeachieveddirectly via theAppletContext
interface.Thestandaloneapplicationversionhasto useNetscaperemotecalls.

6.2 The VRwave User Interface

In termsof look and feel of its userinterface,VRwave is a direct descendantof VRweb. When
run asstandaloneapplication,the VRwave window is divided vertically into four areas:menubar,
tool bar, scenedrawing area,andstatusbar. Sincethe Applet class,which is a subclassof class
java.awt.Panel , cannot have a menubar attached,VRwave usesthe appletareato draw the
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sceneonly, andcreatesa smallerapplicationwindow containingthemenubar, the tool bar, andthe
statusbar. The menubarprovidesaccessto the full functionalityof VRwave, whereasthe tool bar
andadditionalacceleratorkeys allow quickaccessto commonlyusedfunctions.

As in VRweb,five renderingmodesaresupported:wire frame,hiddenline, flat shading,smooth
shading,andtexturing. A separaterenderingmodecanbespecifiedto beusedusedduringinteractive
navigation, providing acceptableframeratesand navigation speedon machineswithout hardware
graphicsacceleration.

VRwave supportsfour modesfor interactive navigation.Flip modeis usedto examineanobject,
while the viewer’s position remainsunchanged.The mousebuttonsare usedto choosebetween
translation,rotation,andzooming,andmousemovementto controlthedirection.Figure6.3showsa
modelof acavalry pistol from thefamouscollectionin theLandeszeughaus(Armoury) in Grazbeing
examinedin Flip mode.

Figure6.3: VRwave in Flip modedisplayinga texturedmodelof a cavalry pistol form the world-
renownedZeughaus(armoury)in Graz.

TheWalk metaphoris usedto stroll througha3D environment.Naturalwalkingmotion(forwards
andbackwards,possiblyveeringslightly to left or right) is assignedto theleft mousebutton.Controls
for verticalmotionandside-stepping,andfor turning theheadareassignedto themiddleandright
mousebuttons.

Fly To modeimplementspoint-of-interest(POI) style navigation [MCR90]. The left mouse
button is usedto selecta point of interestsomewhereon thesurfaceof any scenegeometry. After-
wards,themiddleandright mousebuttonscanbeusedto controlmotiontowardsor away from the
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POI. Optionally, a rotationalcomponentcanbe activated,which resultsin a final approachpathto
thePOIhead-onalongthesurfacenormal.Anotheroptionis to enableonly therotationalcomponent
withoutany motiontowardsor away from thePOI.

HeadsUp is perhapsthemostintuitive navigationmodefor beginners.Iconsoverlaidacrossthe
centreof theviewing window (like a pilot’s heads-updisplay)symbolisethenavigation tools: eyes
to look around,a walking personfor walking,andcrossedarrows for verticalandsidewaysmotion.
Figure6.4 shows the Stefaniensaalof GrazConventionCenter[GCC] beingexploredin HeadsUp
mode.

Figure6.4: VRwave in HeadsUp navigation modeshowing the Stefaniensaalof GrazConvention
Center. Notethenavigationaliconsoverlaidacrossthecentreof theviewing area.
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RenderingFunctionality for VRwave

As describedin Chapter6, VRwave doesrenderingin a two stepprocess. Both stepsare based
on completescenegraph traversal, visiting eachnode and performing someoperationsdepend-
ing on the node type and the node’s field values. The operationsto be performedare defined
in classesBuilder and Drawer of packageiicm.vrml.vrwa ve , which are subclassesof
iicm.vrml.pw.Tra ve rs er inheriting its scenegraphtraversalconceptand defining the im-
plementationof its abstractmethods.

ClassBuilder implementsapreprocessingstepperformedonly oncebeforedrawing thescene
or partsof thescenespecifiedin Inline nodesfor thefirst time. Its implementationof theabstract
methodsprovidedfor eachnodetypeperformstime-consumingcalculationsof additionalnodeinfor-
mationthat shouldnot be recalculatedat eachredraw. ClassNode, the baseclassof VRML node
representationin VRwave,providesa userdata field thatholdsa referenceto anobjectof a class
of packageiicm.vrml.vrwav e. pwdat , which is usedfor storageof this additionalnodeinfor-
mation. As the performedoperationscould be computationallyexpensive for complex geometries,
partsof themareimplementedin native code.

ClassDrawer ’s implementationof theabstractmethodsinheritedfrom classTraverser spec-
ifies drawing rules to be performedat eachredraw for eachnodetype in termsof calls of native
methodsof classiicm.ge3d.GE3D using informationstoredin the userdata objectscreated
duringthepreprocessingstep.

While this two stepprocessis very efficient for staticscenes,it posesdifficultieswhenhandling
dynamicscenes,becausetheinformationprecalculatedin thefirst stepbecomeinvalid whenever the
valuesof thefieldsthey arederivedfrom arechanged.Therehasbea way to markthis information
asinvalid wheneveraneventchangesthevalueof afield it dependsandto recalculateit thenext time
it is needed.A possiblesolutionfor this problemis to transferthepreprocessingfunctionalityfrom
classBuilder into theclassesof packageiicm.vrml.vrwav e. pwdat , which so far areused
only for storageof thestaticprecalculatedinformation.

This conceptis alreadyusedfor the Transform nodein VRwawe’s currentversion. Class
iicm.vrml.vrwave .p wdat .T ran sf or mDat a is usedto calculateandstorethe transforma-
tion matrix defined by the Transform node’s fields. It implements the
iicm.vrml.pw.Got EventC al lba ck interface and registersall of the Transform node’s
fields that specify the transformationmatrix to be notified whenever an incoming event changes
the valueof any of them. Notification is performedby calling methodgotEventCB() of class
TransformData , which clearsa valid flag. The transformationmatrix canbe accessedvia the
getMatrix() methodof classTransformData , whichsimplyreturnsareferenceto thematrix,
if thevalid flag is set. Otherwiseit recalculatesthematrix usingtheactualfield valuesandsetsthe
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valid flag beforereturningthe matrix reference.Unfortunatelythis conceptis not implementedfor
all eventInsandexposedFieldsyet,preventingfull useof thecompletedynamicalbehaviour of some
nodes.

The following sectionsdescribethe most importantimplementationconceptsof VRML nodes
thatcanbeseenin somecontext with renderingaspectsin VRwave. ThediscussedVRML97 node
typesare:� PixelTexture� ImageTexture� TextureTransform� Inline� Switch� LOD� Material� Billboard� Extrusion� IndexedFaceSet� IndexedLineSet� PointSet

Theseconceptsareprimarily usedfor the implementationof the methodsthat specifyrulesto
precalculateadditionalnodeinformation(classBuilder ) anddrawing rulesto renderthegeometry
specifiedby thenode(classDrawer ).

7.1 Texturemapping

Althoughtexturemappingisafairly large,complex subjectprovidingmany possibilitiesandrequiring
severalchoiceswhenusingit, therearefour basicstepsto beperformedin any case:

1. Specifyingthetextureimage.

2. Indicatinghow thetextureis to beappliedto eachpixel.

3. Enablingtexturemapping.

4. Drawing thescene,supplyingbothtextureandgeometriccoordinates.

VRML97 providesfour nodetypesto specifytextureimages:

1. Background

2. ImageTexture
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3. MovieTexture

4. PixelTexture

In all casestexture imagesaredefinedby 2D imagesthat containan arrayof the colourvalues
for theparticularimagepixels. Thesevaluesareinterpreteddifferentlydependingon thenumberof
componentsin thetextureimageandthespecificsof theimageformat.In general,textureimagesmay
bedescribedusingoneof thefollowing formats(mostimageformatsspecifyanalphaopacityrather
thantransparency asin field transparency of theMaterialnode,where�����������������! "��#%$&�'�� )(*#,+.- ):

1. Intensitytextures(one-component)

2. Intensityplusalphaopacitytextures(two-component)

3. Full RGBtextures(three-component)

4. Full RGBplusalphaopacitytextures(four-component)

Thecurrentversionof VRwavedoesnotyetsupportBackground andMovieTexture nodes.
The implementationof PixelTexture and ImageTexture nodesupportis describedin the
following Sections7.1.1and7.1.2.

7.1.1 The PixelTexture Node

ThePixelTexture nodedefinesa2D image-basedtexturemapasanexplicit arrayof pixel colour
valuesandtwo parameterscontrollingtiling repetitionof thetextureontothegeometry.

PixelTexture {
exposedField SFImage image 0 0 0
field SFBool repeatS TRUE
field SFBool repeatT TRUE

}

Texturemapsaredefinedin a 2D coordinatesystem,(s, t), thatrangesfrom 0 to 1 in bothdirec-
tions. Thebottomedgeof thepixel imagecorrespondsto theS-axisof thetexturemap,andtheleft
edgeof thepixel imagecorrespondsto theT-axisof thetexturemap(seeFigure7.1).

Thearrayof colourvaluesdescribingthetextureis specifiedby theexposedFieldimage , which
is of typeSFImage . SFImage fieldsandeventsarewrittento VRML97 filesasthreeintegersspec-
ifying thewidth,height,andnumberof componentsin theimage,followedby width / heightinteger
valuesrepresentingthepixel colourvalues,specifiedfrom left to right, bottomto top,andseparated
by whitespace.Eachintegervalueis composedof thevaluesof theparticularcolourcomponentsas
shown in Table7.1. To simplify notationthesevaluesmay be written alsohexadecimalwith each
colourcomponentvaluerepresentedby two digits.

Unfortunatelythis formatcannot beuseddirectly for texturedefinitionin theunderlyingGE3D
graphicslibrary, which usesthe gluBuild2DMipma ps () commandfrom the OpenGLUtility
Library in its ge3dCreateTextu re () function to constructa seriesof mipmaps. Function
gluBuild2DMipmap s( ) expectsthepixel colourdatato bestoredin anarrayof byteswith the
colourof eachpixel specifiedby a numberof bytescorrespondingto thenumberof componentsin
the image. Table7.2 illustratesthe operationsto be performedon the integer valuesto get out the
particularbytevalues.
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PixelTexture {

  image 4 3 1

}

        255   0 255   0
          0 255   0 255

          0 255   0 255
# pixel  1   2   3   4

# 4x3 pixels, 1 component
PixelTexture {
# 3x3 pixels, 3 components

}
        0xFF00FF 0x00FFFF 0x0000FF
        0xFFFF00 0x00FF00 0x00FFFF
        0xFF0000 0xFFFF00 0xFF00FF

  image 3 3 3
# pixel    1        2        3

Figure7.1: PixelTexture nodeexamples(textureimageplusVRML97 code).

Numberof components Bits 31-24 Bits 23-16 Bits 15-8 Bits 7-0

1 (greyscale) unused(0x00) unused(0x00) unused(0x00) intensity
2 (transparentgreyscale) unused(0x00) unused(0x00) intensity alphaopacity
3 (full RGBcolour) unused(0x00) red green blue
4 (transparentRGBcolour) red green blue alphaopacity

Table7.1: Representingcolourcomponentvaluesby integervaluesin SFImage .

This conversionis performedin functionge3dCreateTextur e( ) , which is calledfrom the
GE3D.createPixe lT ex tur e( ) native methodimplementationin file gejimpl.c . Thecon-
versioncodeandthe OpenGLtexture definition codeis placedin an OpenGLdisplaylist usingan
available list index. As this list index is neededfor later executionof the commandsstoredin the
displaylist, it is thereturnvalueof GE3D’sge3dCreateTextu re () functionandalsoof method
GE3D.createPixe lT ex tur e( ) .

Forcorrectimplementationof theVRML97 lightingmodel,VRwavehasto know someadditional
informationaboutthetextureimage:

1. whetherit is greyscaleor containsRGBcolourdata,and

2. whetherit containsany alphaopacitydata.

This informationcanbeobtainedveryeasily. Table7.1shows thata textureimagecontainsRGB
colour data,if the numberof componentsis threeor more. It containsalphaopacityvalues,if the
numberof componentsis even.
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Byte 1 component 2 components 3 components 4 components

1 unused unused unused b = i >> 24
2 unused unused b = i >> 16 b = (i >> 16) & 255
3 unused b = i >> 8 b = (i >> 8) & 255 b = (i >> 8) & 255
4 b = i b = i & 255 b = i & 255 b = i & 255

Table7.2: Operationsto beperformedon theintegerpixel valuesof SFImage to getout thecolour
componentvalues(b is a byte variable,i the integer value,>> meansbit shift right, and& is the
bitwiseAND operation).

As thereturnvalueof methodGE3D.createPixe lTe xt ur e( ) is a singleintegervalue(the
displaylist index obtainedfrom ge3dCreateTextu re () ), this additionalinformationhasto be
accessibleanotherway. The first case,presenceof RGB colour data,is indicatedby returningthe
negative display list index value,which is allowed, becauseOpenGLusesonly positive list index
values. The secondcase,presenceof alphaopacityvalues,hasto be checked by calling method
GE3D.getTextureA lp ha() .

While methodtPixelTexture( ) of classBuilder merelycreatesa new objectof class
PixelTextureData to storeadditionalnodeinformation,thenode’s functionalityis almostcom-
pletelyimplementedin thecorrespondingmethodof classDrawer includingboththepreprocessing
andthedrawing step.This is becausePixelTexture andothertexturenodescanbecompletely
ignoredandarenot traversedat thedrawing stepaslong astexturing is not chosento be theactive
renderingmode.They alsodonotneedany preprocessingup to theirfirst use.

As thepreprocessingstepandthedrawing stepareimplementedin a singlemethod,it hasto be
ensuredthat thepreprocessingpart is executedonly onceat thefirst traversalandonly thedrawing
part is executedat thefollowing traversals.This behaviour is controlledby thevalueof thevariable
handle of theassociatedPixelTextureDat a object.If thisvalueis negative,thepreprocessing
part is executed. In this preprocessingpart methodGE3D.createPix el Textu re () is called,
which placespixel dataformat conversionandtexture definition codeinto an OpenGLdisplaylist
and returnsthe correspondinglist index. It also obtainsthe additionaltexture imageinformation
asdescribedabove. This datais storedin the associatedPixelTextureDa ta object,usingthe
handle variableto storethedisplaylist index, which is anonnegativenumber, to preventrepeated
executionof thispreprocessingpart.Finally, thedisplaylist index is registeredattheDrawer object’s
URLServer object,which is discussedin moredetailin Section7.1.2.

If thedisplaylist containingOpenGLcommandsto definethetexturehasbeencreatedsuccess-
fully during preprocessing, the value of the handle variable of the associated
PixelTextureData object is a positive number and only the drawing part of method
tPixelTexture() is executed.In thisdrawing partthecurrentlyactive textureis replacedby the
new texture by passing the corresponding display list index to native method
GE3D.applyTextur e( ) , which executesthe display list in its native codeimplementation(in
file gejimpl.c ). Afterwardsthe valuesof the repeatS and repeatT fields, which specify
whetherthe texture shouldbe repeatedor clampedfor texture coordinatesoutsidethe range[0, 1],
arepassedasparametersto theGE3D.textureRep eat( ) method,which passesthemon to the
ge3dTextureRepea t( ) commandof theGE3Dlibrary. Texturing is enabledby passinga non-
null integervalueto methodGE3D.doTexturing () . SincetheVRML97 lighting modelspecifies
that RGB coloursin the texture imagehave to replacethe material’s diffusecolour, but OpenGL’s
modulatetexturefunctioncombinesthetwo colourvaluesby multiplication,OpenGL’sactivediffuse
colourhasto besetto white for threeandfour componenttexturesresultingin multiplicationof the
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texturecolourcomponentsby 1 leaving themunchanged.

Texturecoordinatesareprovided by the routinesimplementingrenderingof thegeometrynode
thatis affectedby thetexturedefinedby thePixelTexture node.

7.1.2 The ImageTexture Node

TheImageTexturenodedefinesatexturemapby specifyinganimagefile to readthepixel colourdata
from andgeneralparametersfor mappingto geometry.

ImageTexture {
exposedField MFString url []
field SFBool repeatS TRUE
field SFBool repeatT TRUE

}

The texture imageis readfrom a URL listed in the url exposedField.The stringsin this ex-
posedFieldindicatemultiple locationsto searchfor imagedatain decreasingorderof preference.If
thebrowsercannotlocateor interpretthedataspecifiedby thefirst location,it tries thesecondand
subsequentlocationsin orderuntil a URL containinginterpretabledatais encountered.Of course,
readingandinterpretingthepixel datashouldbeperformedin thebackgroundwithout blockingthe
browserprogram.UsingJava’s multithreadingcapabilityseemsto bea perfectsolutionto meetthis
requirement.

Method tImageTexture() of class Drawer uses an instance of class
iicm.vrml.vrwav e. URLServ er , which is describedin moredetailbelow andin Section7.2,
to performloadingof datafrom an URL in a separatethread. As for PixelTexture nodesand
divergently to the implementationsof mostothernodetypesthepreprocessinganddrawing stepare
implementedin onesinglemethod. Again the programflow is controlledby the valueof variable
handle of theassociatedImageTextureDa ta object,whichcontrolsandindicatestheprocess-
ing stateof theimageloadingprocess:

handle processingstatus
-2 initial state
-1 requestsentto URLServer instance,but eithernotyetprocessed

or processingfailed0 0 loadedsuccessfully, thevaluereferencesthedisplaylist to
beexecutedfor drawing

If thevalueof handle is -2, it is setto -1, therequestis sentto theURLServer object,andthe
loadingthreadhasto bestartedor restartedeventually. As longasthevalueof handle is -1 method
tImageTexture() hasto donothingmorethandisablingtexturing. If thevalueof handle is a
positivenumber, whichis theindex of thedisplaylist containingthetexturedefinitioncommands,the
drawing partis executedwith theoperationsto beperformedbeingthesameasfor PixelTexture
nodes:activating the textureby executingthedisplaylist, settingtherepetitionor clampingoptions
for texturecoordinatesoutsideof [0, 1], enablingtexturing,andsettingthediffusecolourto white for
RGBcolourtextureimages.
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ClassURLServer

ClassURLServer implementsthejava.lang.Runnab le interface,asits instancesareintended
to beexecutedby a separatethread.Whenaninstanceof classURLServer is usedto createa new
thread,startingthethreadcausestherun() methodto becalledin thatseparatelyexecutingthread.
VRwave usesinstancesof classURLServer to handleloadingandconversionof texture images
requestedby ImageTexture nodesaswell asloadingandpreprocessingof VRML datarequested
by Inline nodes. Loadingof texture imagesis discussedhere, inline nodechildren loading is
discussedin Section7.2.

Method run() of classURLServer simply processesa queuecontainingtexture imageand
childrennodesloadingrequests.As long asthereareelementsin this queue,it takesout the first
elementand passesit on for further processing. The elementsin the queueare objectsof class
iicm.vrml.vrwave .U RLRequest that have a referenceto the objectthat representsthenode
thatmadetherequest(anobjectof classImageTexture or Inline ) andthebaseURL to beused
to resolve relative URLs in thenode’s url field. For ImageTexture nodesthesetwo objectsare
passedon to methodloadTextureImag e( ) .

Method loadTextureIma ge() tries to load the texture imagepixel datafrom one of the
URLs specifiedin the ImageTexture node’s url field using methodgetImage() of class
java.awt.Toolkit andclassiicm.vrml.vrwav e. ImageLoader , which is describedin
moredetailbelow, to controltheloadingprocess.It startsat thefirst locationin thelist of URLsand
moveson to thenext until loadingis successful.

If thepixel datahasbeenreadsuccessfullyit canbeobtainedby callingmethodgetPixels()
of classImageLoader . This methodreturnsan integer arrayof sizewidth / heightof the im-
agewith eachelementrepresentingthe RGB colour andalphaopacityvaluesof a particularpixel,
wherebits 31-24specifythe alphatransparency, bits 23-26the red component,bits 15-8 the green
component,andbits7-0 thebluecomponent.

Thispixel datais passedonto nativemethodGE3D.createIma geTex tu re () ,whichpasses
it on to function ge3dCreateText ur e( ) of the GE3D library in its native codeimplementa-
tion to get an index of a display list that containsOpenGLcommandsto definethe texture. As
for texture imagesdefinedby PixelTexture nodes , this datahasto berearrangedin function
ge3dCreateTextur e( ) to beconformwith theformatrequiredfor OpenGL’s texturedefinition
commands.In this casetheimagedatahasto bealsomirroredvertically, becausethedataarrayob-
tainedfrom classImageLoader is arrangedin rows from top to bottomandnot from bottomto top
asrequiredfor texturedefinitionin OpenGL.Additionally ge3dCreateText ur e( ) hasto check,
whetherthe texture imagecontainsany RGB colour (i.e. whetherthereis arepixels with different
colour componentvalues)or alphaopacityvalues(i.e. whethertherearepixels with alphaopacity
valuessmallerthan255).

As for PixelTexture nodesthe display list index and the additionalimageinformation is
storedin theassociatedImageTextureDat a object.Additionally thedisplaylist index is passed
to methodaddDisplayList () , which insertsit into a list of alreadyuseddisplay list indices.
This is importantto allow deletionof thesedisplaylists whena new sceneis loadedandthey arenot
neededany longer. Deletionof thedisplaylists is donein methodclearAll() , which clearsalso
all remainingrequestsin thequeuewaiting for processing.

New requestsare addedby calling methodaddRequest() passingthe nodethat madethe
requestandthebaseURL valid for thenode’s positionin thescenegraph.Thesetwo parametersare
usedto createanew URLRequest objectthatis appendedat theendof thequeue.
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ClassImageLoader

Class ImageLoader implements interface java.awt.image .Im ageConsumer. Its
loadImage() methodgets the image producerthat loads and decodesthe texture image file
(graphicsfile formatssupportedby currentJava runtimeenvironmentimplementationsareGIF and
JPEG)asargument. Calling this imageproducer’s startProductio n( ) methodregistersthe
ImageLoader instanceitself with this imageproducer, forcing it to startanimmediatereconstruc-
tion of the imagedataandto deliver all the dataaboutthe imageandthe processingstatusto this
ImageLoader instanceusingthemethodcallsasspecifiedby theImageConsumer interface:

� MethodsetDimensions() is calledto indicatethewidth andheightof the image. It ini-
tialisesanarrayto storethepixel datadeliveredby theimageproducer.� MethodsetPixels() is calledto deliver anarraycontainingcolourvaluesof a rectangular
part of the image. This pixel datais insertedat the correctpositioninto the arrayinitialised
in methodsetDimensions() . It alsocalculatesthepercentageof alreadydeliveredpixel
data,which is usedto settheprogressindicatorin VRwave’sstatusbar.� MethodimageComplete() is calledwhenthe imageproducerhasdeliveredall pixel data
or anerrorin loadingor decodingtheimagehasoccurred.It getsanintegervaluethatindicates
thestatusasargument.

Theremainingmethodscanbecalledto obtaintheinformationdeliveredto the ImageLoader
objectduring imageproduction.They shouldbecalledafter imageproductionhasbeencompleted
(i.e. methodloadImage hasreturned):

� Methoderror() returnsabooleanvaluethatis trueif imageloadingor decodinghasfailed.� MethodsgetWidth() andgetHeight() canbecalledto obtaintheimagesize.� MethodgetPixels() returnsanintegerarrayof sizewidth / heightof theimage,with each
elementrepresentingapixel’s RGBcolourandits alphaopacity.

7.1.3 The TextureTransform Node

TheTextureTransfor mnodedefinesa2Dtransformation,whichisappliedto texturecoordinates
affectingtheway texturesareappliedto thegeometricsurface.

TextureTransfor m {
exposedField SFVec2f center 0 0
exposedField SFFloat rotation 0
exposedField SFVec2f scale 1 1
exposedField SFVec2f translation 0 0

}

Thetransformationconsistsof:

1. a translation,

2. a rotationaboutthecentrepoint,and
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3. anon-uniformscalingaboutthecentrepoint.

In matrix transformationnotation,where 132 is the untransformedtexture coordinate,1542 is the
transformedtexturecoordinate,6 (center),1 (translation),7 (rotation),and 8 (scale)arethe inter-
mediatetransformationmatrices,

1 42 ���96;:<8=:>7?:@6A:B1C:B1 2
In OpenGL,just asmodelcoordinatesaretransformedby a matrix beforebeingrendered,tex-

ture coordinatesare multiplied by a 4x4 matrix beforeany texture mappingoccurs. By default,
the texture matrix is the identity matrix. In VRwave the texture matrix specifyingthe transfor-
mationsis calculatedin method tTextureTransfo rm() of classBuilder and storedin a
TextureTransform Data object. MethodTextureTransfo rm() passesthe field valuesto
native methodbuildTextureMatr ix () . Its native codeimplementation(in file vrwbuild.c )
createsthe matrix by pushingall matricesin the stack down by one level, setting the topmost
matrix to the identity matrix and applying the transformationsin order as specifiedby the above
formula. The resulting matrix locatedon top of the stack is then obtainedand stored in the
TextureTransform Data object. Finally this top matrix is poppedoff the stack,restoringthe
original stateof thetexturematrixstack.

During the drawing step, method tTextureTransf orm in classDrawer , which is only
calledif theactive renderingmodeis texturing, simply passesthis transformationmatrix calculated
duringpreprocessingto methodGE3D.loadTextur eMat ri x() , which pushesthis matrix onto
the top of the texture matrix stackandsetsit to be the active texture matrix therewith. Sincethe
TextureTransform nodeshouldaffect texturecoordinatesof thegeometricobjectspecifiedin-
sidethesameShape nodeonly, thetexturematrixhasto beresetto theidentitymatrixatthetraversal
of thenext Shape node.This is achievedby calling methodGE3D.loadTextu re Id entit y( )
from methodtShape() .

7.2 The Inline Node

The Inline nodeis a groupingnodewhich readsits childrenfrom any locationin theWorld Wide
Web. It is notdefinedexactlywhenits childrenareto bereadanddisplayed(e.g.readingthechildren
maybedelayedby thebrowseruntil theInline node’s boundingbox is visible to theviewer).

Inline {
exposedField MFString []
field SFVec3f bboxCenter 0 0 0
field SFVec3f bboxSize -1 -1 -1

}

The url field specifiesa list of URLs to readthe children from in order of preference.An
Inline nodewith an emptyurl field doesnothing. EachspecifiedURL shall refer to a valid
VRML file thatcontainsa list of childrennodes,prototypes,androutesat thetop level. Theresults
areundefinedif theURL refersto a file thatis not VRML or if theVRML file containsnon-children
nodesat thetop level.

As is thecasefor loadinganddecodingthetextureimagedata,loadingandpreprocessingof the
VRML file shouldbe performedin the backgroundwithout blocking the browserprogram. Since
this requirementis commonto the implementationsof both of thesenodes,methodtInline()
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of classBuilder usesalsoan instanceof classiicm.vrml.vrwav e. URLServ er to perform
loading VRML datafrom an URL in a separatethread. It sendsa requeststo the URLServer
objectby calling its addRequest() methodandstartsor restartsthe loadingthread,if required.
Althoughmostof thefunctionalityof classURLServer hasalreadybeendiscussedin Section7.1.2,
its loadInlineChild re n() , which is themostimportantmethodof VRwave’s Inline node
support,hasbeenleft out there.It is called,if theheadelementof thequeuethatcontainstherequests
waiting for processinghasbeenaddedto thequeueby an Inline node,gettinga referenceto the
Inline noderepresentationandthe baseURL valid at the node’s positionin the scenegraphas
parameters.

MethodloadInlineChil dr en( ) movesthroughthelist of URLs specifiedin the Inline
node’s url field, creatingnew java.net.URL objectscomposedof thepassedbaseURL andan
URL from thelist. TheURL object’s openStream() methodreturnsan input streamthat is used
to direct the incomingVRML97 datainto an instanceof classiicm.vrml.pw.VR MLpar se r ,
which is the main classof the ‘pw’ VRML97 parser. Parsingis initiated by calling the parser’s
readStream() methodthat returnsanobjectof classiicm.vrml.pw.Gr oupNode , which is
the root nodeof the scenegraphcreatedby the parser. If any of theseoperationsfails, method
loadInlineChild re n( ) moveson to thenext URL in theURL list specifiedin theurl field.

If loading and parsingwere successful,the newly createdscenegraphhasto be traversedby
theBuilder objectto performthepreprocessingstep,beforeit is readyto betraversedat thenext
drawing step.After performingthepreprocessingstep,thescenegraphis insertedinto thescenegraph
of the basesceneby storingthe root nodein the InlineData objectassociatedto the Inline
node. The InlineData objectstoresalsothe URL from wherethe VRML datahasbeenloaded
successfully.

At thedrawing stepmethodtInline() of classDrawer distinguishesthefollowing two cases:

1. If theInline node’s childrenhavebeenloaded,parsed,preprocessed,andtheInlineData
object’s inline variablereferencestheroot nodeof theresultingscenegraph,thechildren
nodesaretraversedasusual,settingtheURL thechildren’s VRML datahasbeenreadfrom as
thecurrentbaseURL.

2. Otherwisethechildrennodesarenot yet readyfor drawing andtInline() draws theedges
of theInline node’s boundingbox if specified.

7.3 The Switch Node

The Switch nodeis a specialgroupingnodethat traverseszeroor oneof its childrennodes.It is
definedasfollows:

Switch {
exposedField MFNode choice []
exposedField SFInt32 whichChoice -1

}

The childrennodesare specifiedin the choice field, the whichChoice field specifiesthe
index of the child to be traversed,with the first child having index 0. If whichChoice is out of
range,nothingis chosen.

This rathersimple functionality of the Switch nodeis implementedby traversingall children
nodesat the preprocessingstepto calculatethe additionalinformationneededfor drawing for all
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of them(methodtSwitch() of classBuilder ). At the drawing step(methodtSwitch() of
classDrawer ) rangecheckingis performedon the value of field whichChoice and thenonly
the chosennodeof field choice is traversed. The index of the traversedchild is storedin the
attachedSwitchData objectas this informationis neededfor picking (methodtSwitch() of
classPicker ).

7.4 The LOD Node

Therenderingspeedof any sceneis directlyproportionalto thenumberof polygonsin thescene.So
from the viewpoint of renderingspeed,it is importantto cull out objectsthat arefar enoughaway
from the userto make it unnecessaryto renderthemin detail. The LOD (Level Of Detail) nodeis
introducedto supportthiskind of culling. It is definedasfollows:

LOD {
exposedField MFNode level []
field SFVec3f center 0 0 0
field MFFloat range []

}

The level field containsa list of nodesspecifyingvariouslevelsof detailor complexity for the
sameobjector objects,orderedfrom highestto lowestlevel of detail. Therange field specifiesthe
idealdistancesfrom theviewer’s locationin thelocalcoordinatesystemto thepointspecifiedby field
center at which to switchbetweenthelevels.

user

level 1 level 2 level 3

range 1

range 2

range 3

Figure7.2: MappingbetweenLOD rangevaluesandlevels.

While methodtLOD() of classBuilder is identicalwith methodtSwitch() , simplytravers-
ing all nodesspecifiedin the level field to performthepreprocessingstepon all of them,theopera-
tions to beperformedat eachredraw in methodtLOD() of classDrawer have to accomplishthe
following tasks:

1. Determinetheviewer’s location

2. Transformit into thelocal coordinatesystemof theLOD node

3. Calculateits distanceto pointcenter of theLOD node

4. Evaluatethestepfunctionspecifiedby thevaluesof field range to choosethelevel
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5. Traversethechosenlevel

OpenGL’s modelview matrix, a 4 by 4 matrix, whoseelementsrepresenttheviewing andmod-
elling transformationsappliedso far, containsall informationneededto performstep1 and2. It is
obtainedby calling native methodGE3D.getMatrix( ) which writes the modelview matrix ele-
mentsto anarrayusingthefollowing scheme:

DEEE
F

GIH GKJ GILGNM GIO GIPGIQ GIR GKJSH
GITGVUGKJ&JG JSL G JST G JWM G JSO

XZYYY
[

This matrix is an extendedtransformationmatrix enlarged from 3 by 3 to 4 by 4 by inserting
the translationoffset as fourth row andby appendinga fourth columnwith elements0, 0, 0, and
1. The translationoffset is equivalent to the viewer’s location in world coordinates.Thesecoor-
dinatesare transformedinto the local coordinatesystemof the LODnodeby multiplying a vector
built up from thesecoordinatesby the inverseof the upperleft 3 by 3 submatrixof the modelview
matrix, which describesrotation,scaling,andshearing.The inverseis obtainedby calling method
invertMatrix33o f4 4( ) of classiicm.utils3d.Ma t4 f , which providesseveral methods
for manipulating4D and3D matrices.

Calculatingthedistancebetweentheviewer’s locationin theLODnode’s localcoordinatesystem
andthepoint specifiedby thecenter field, andfinding the index of thecorrespondingnodeto be
traversedis rathersimple.

In many cases,thenodesprovidingobjectdescriptionsatamoredetailedlevel areInline nodes.
As describedin section7.2,renderingof thesenodetypedoesnothingor drawstheboundingboxonly
aslong astheVRML datadescribingits childrennodeshasnot beenloaded,run throughtheparser,
andthe nodeshave not beenpreprocessed.If a nodechosenfor traversalasdescribedabove is an
Inline nodethat is not readyfor drawing, it appearsto bereasonableto traverseanothernodethat
is readyfor drawing, overruling theLODnode’s ordinarychoosingalgorithm. Finally, afterhaving
traversedthechosennode,its index is storedin theattachedLODData objectasthis informationis
alsoneededfor picking (methodtSwitch() of classPicker ).

An emptyrangefield is a specialcaseof theLODnode.This caseis a hint to thebrowserthat it
maychoosea level automaticallyto maintaina certainconstantframerate. This operatingmodeis
notyet supportedby VRwave,themostdetailedlevel descriptionis traversedin thiscase.

7.5 The Material Node

TheMaterial nodespecifiessurfacematerialpropertiesfor theassociatedgeometrynode.Theval-
uesspecifiedfor theparticularmaterialpropertiesareusedaccordingto theVRML lighting equations
duringrenderingto simulatethephysicalpropertiesof light strikingasurface.

Material {
exposedField SFFloat ambientIntensi ty 0.2
exposedField SFColor diffuseColor 0.8 0.8 0.8
exposedField SFColor emissiveColor 0 0 0
exposedField SFFloat shininess 0.2
exposedField SFColor specularColor 0 0 0
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Figure7.3: LODnodeexamplescene.
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exposedField SFFloat transparency 0
}

All fieldsof theMaterial nodecontainsinglevalues(asindicatedby the“SF” prefix of their
type names)rangingfrom 0.0 to 1.0, althoughsomeof them consistof multiple numbersfor the
particularcolour components.They specify the propertiesof one single material (in VRML 1.0
eachMaterial nodecould specifyseveral materials).The field valuesdeterminehow the particular
componentsof lightsarereflectedoff thegeometricobject’s surface:� The ambientIntensi ty field specifieshow muchambientlight from light sourcesshall

be reflected. Ambient light is omnidirectionaland dependsonly on the numberof light
sources,not their positionswith respectto the surface. Ambient colour is calculatedas
ambientIntensity / diffuseColor .� ThediffuseColor field playsthemostimportantrole in determiningwhattheviewer per-
ceivesthecolourof thesurfaceto be.Diffusereflectanceis affectedby thecolourof theincident
diffuselight andtheangleof theincidentlight relative to thenormaldirection.� The emissiveColor field modelsglowing objectsappearingto be giving off light of the
specifiedcolour.� The specularColor and shininess fields specifyspecularreflectionproducinghigh-
lights. The amountof specularreflectionseenby a viewer dependson the location of the
viewpoint. Lower valuesof shininess producesoft glows, while highervaluesresult in
sharper, smallerhighlights. This effect is shown in Figure7.4: while the left spherehasno
specularreflection,it is enabledfor the two remainingspheres,wherethe right spherehasa
highershininess value.� The transparency field specifiesthe opacity of objects,with a value of 1.0 specifying
completelytransparent,anda valueof 0.0completelyopaqueobjects.

Figure7.4: Specularreflectionwith differentvaluesof fieldsspecularColor andshininess .

Sincethe implementationof Material nodesdoesnot requireany preprocessing,it is done
completelyin classDrawer , more preciselyin methodtMaterial() , which usesthe native
methodGE3D.material( ) to set the materialpropertiesin the underlyinggraphicslibrary. Its
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native codeimplementation(in file gejimpl.c ) usesthenode’s field valuesthatarepassedover to
fill in thecomponentsof thematerialsGE3D datastructure.This datastructurehasto bepassed
on to GE3D’sge3dMaterial() function,whichsetstheparticularmaterialpropertyvalues.

Sincechangingthematerialpropertieshasa performancecostassociatedwith its use,it should
beusedsparingly. ClassDrawer keepsa referenceto thecurrentlytraversedMaterial nodeand
traversesthe following Material nodeonly if it differs from the referencedone. This concept
enhancesperformancefor casessuchasthefollowing:

Shape {
appearance Appearance {

material DEF red Material { ... }
}

...
}
Shape {

appearance Appearance {
# references the same Material node instance
material USE red

}
...

}

An importantaspectof VRML97’s lighting modelis to determinewhethera geometricshapeis
lit or unlit. It is unlit if eitherof thefollowing is true:

1. TheShape node’s appearance field doesnotcontainanAppearance node.

2. Thematerial field in theAppearance nodedoesnotcontainaMaterial node.

The first condition is checked in method tShape() , the second in method method
tAppearance() . Bothof themenableor disablelighting by callingmethodGE3D.hint() with
constantGE3D.HINT LIGHTING as the first argumentand set the materialpropertiesto default
valuesby callingmethodGE3D.defaultMate ri al () .

7.6 The Billboard Node

The Billboard nodeis a specialgroupingnodethat modifiesits coordinatesystemso that its
local Z-axis turnsto point at the viewer. This functionality is often usedto createthe illusion of a
complex 3D geometryby usinga singlefacedpolygonthat is mappedwith a 3D renderedtexture
imageachieving bothgoodrenderingperformanceandanacceptablescenequality.

Billboard {
eventIn MFNode addChildren
eventIn MFNode removeCgildren
exposedField SFVec3f axisOfRotation 0 1 0
exposedField MFNode children []
field SFVec3f bboxCenter 0 0 0
field SFVec3f bboxSize -1 -1 -1

}
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While someof its fieldsandEventInsarethesameasfor othergroupingnodes,theBillboard
node’s specificbehaviour is definedby field axisOfRotation ,whichspecifiestheaxisto beused
to performtherotationin local coordinates.Dependingon its valuetwo casescanbedistinguished
(seealsoFigure7.5):

1. The value of axisOfRotation is unequalto (0, 0, 0): the Z-axis is alignedby rotating
aroundthisaxis.

2. Field axisOfRotation is (0, 0, 0): This specialcaseis calledviewer alignment. Addition-
ally to theZ-axisof thelocal coordinatesystem,which is rotatedto point towardstheviewer’s
position,alsotheY-axisis alignedto beparallelwith theviewer’s upvector.

y

viewer

billboard-to-viewer
vector

axisOfRotation

z

z’

x

viewer’s up vector

billboard-to-viewer vector = z’

y

x

z

y’

viewer

Figure7.5: Billboard nodecoordinatesystemalignment.Rotationarounda specifiedaxis (left)
andviewer alignment(right).

As the alignmentof the local coordinatesystemdependson the viewer’s location,which may
be changeat eachredraw, the Billboard node’s functionalityhasto be implementedin method
tBillboard() of classDrawer , while it is treatedlike a normal groupingnodewithout any
specialfunctionalityduringpreprocessing,whichmeansthatit just traversesall of its children.

First theviewer’s positionin local coordinateshasto beobtained.It is obtainedfrom OpenGL’s
modelview matrixasdescribedfor theLODnode(Section7.4).Theviewer’s locationcoordinatesare
alsothecomponentsof thesocalledbillboard-to-viewer vector, which is thevectorfrom thenode’s
origin to theviewer’s position.While this first stephasto beperformedfor bothcases,thefollowing
calculationstepshave to beperformedseparatelydependingon theactualcase:

Rotation Ar ound a SpecifiedRotation Axis

As thespecificationsays,thelocalZ-axisof thebillboardhastoberotatedaroundtheaxisspecifiedby
axisOfRotation to lie on theplanedefinedby axisOfRotation andthebillboard-to-viewer
vector. Theonly missingparameterto performthis rotationis therotationangle.

To calculatethis angle,a new coordinatesystemis built up with vectoraxisOfRotation as
Y-axis vector. The coordinatesystem’s X-axis vector is the normalvectorof the planedefinedby
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axisOfRotation and the billboard-to-viewer vector. Finally the Z-axis of the new coordinate
systemis obtainedby calculatingthecrossproductof theX- andY-axis.

In thisnew coordinatesystemtheaxisto berotatedaroundis alwaystheY-axisandtheplane,into
which theZ-axisof theBillboard node’s local coordinatesystemhasto berotated,is alwaysthe
YZ-plane. After transformingtheZ-axisvectorof theBillboard node’s local coordinatesystem
into thenew coordinatesystem,theangleto rotatethis transformedvectorinto theYZ-planecanbe
calculatedvery easily. Now, asall parametersof therotationareknown, thecorrespondingtransfor-
mationmatrix is createdandstoredin theattachedBillboardData object.Finally therotationis
performedby multiplying thecreatedtransformationmatrixby thematrixontopof OpenGL’smatrix
stack.

Viewer Alignment

Viewer alignmentis achieved by performinga transformationon the coordinatesystemthat aligns
theZ-axisof thenew coordinatesystemto becollinearwith thebillboard-to-viewer vectorpointing
towardstheviewer’s positionandsetstheY-axisto beparallelwith theviewer’s upvector.

TheZ-axisvectorof the transformedcoordinatesystemis alreadyknown, sinceit is simply the
normalisedbillboard-to-viewer vector. Theviewer’s upvector, whichwill betheY-axisvectorof the
alignedcoordinatesystem,canbeobtainedfrom theinverseof OpenGL’s modelview matrix, which
hasalreadybeencalculatedandusedto gettheviewer’s position.Oncethesetwo vectorsareknown,
themissingX-axisvectorcanbecalculatedby takingtheircrossproduct.

Finally, the transformationmatrix is created,which is very easy, since the axes of the new
coordinatesystemare known in termsof the original system: For the vectors \] �_^ ]'`ba&]�cda&]�egf ,\-h�i^j- `ba - cda - ekf , and \l �i^ lg`bamlkcdaml>e>f thetransformationmatrix is:DEEEF
]�` ]�cn]'epo- ` - c - e ol ` l c l e oo o o �

XZYYY[
Thismatrixis pushedontopof OpenGL’smatrixstackto bevalid duringtraversalof theBillboard
node’s childrenandis removedagainafterwards.

7.7 The Extrusion Node

TheExtrusion nodespecifiesgeometricshapesbasedonatwo dimensionalcrosssectionextruded
alonga threedimensionalspine. Thecrosssectioncanbescaledandrotatedat eachspinepoint to
produceawidevarietyof shapes.

Extrusion {
eventIn MFVec2f set_crossSecti on
eventIn MFRotation set_orientatio n
eventIn MFVec2f set_scale
eventIn MFVec3f set_spine
field SFBool beginCap TRUE
field SFBool ccw TRUE
field SFBool convex TRUE
field SFFloat creaseAngle 0
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field MFVec2f crossSection [ 1 1,1 -1,-1 -1,-1 1,1 1 ]
field SFBool endCap TRUE
field MFRotation orientation 0 0 1 0
field MFVec2f scale 1 1
field SFBool solid TRUE
field MFVec3f spine [ 0 0 0, 0 1 0 ]

}

Implementationof theextensive functionalityof thisnoderequiresadecisionon thebasicimple-
mentationapproach.Therearetwo verydivergentalternatives:

1. Implementingthenode’s completefunctionality, i.e. renderingin GE3D,calculationof normal
vectors,triangulationof nonconvex polygons,andpicking,from scratch.

2. Redefining shapesspecified by Extrusion nodes using the same format as used for
IndexedFaceSet nodesallowing reuseof alreadyexisting and well-testedcodefor ren-
dering,calculationof normalvectors,triangulationof nonconvex polygons,andpicking.

While animplementationfrom scratchwouldallow performanceandmemoryoptimisationscom-
paredto usageof the very complex codeintendedto handlegeneralfacesetsand their attributes
(normals,colourbinding,texturecoordinates)on theonehand,it requireswriting a lot of new code
followed by very time-consumingtestingand debugging and also complicatescodemaintenance.
Taking into accountthesedrawbacks,it seemsto be reasonableto choosethesecondapproach,in-
cludingthedataformatconversionimplementedin nativecodeinto thepreprocessingstep,providing
both,goodperformanceandreuseof alreadyexistingandwell-testedcode.

Themaintaskof thepreprocessingstepis to find a setof polygonsthatform theshapedescribed
by the Extrusion node’s fields andstoringthis polygondatausingthe sameformat asusedfor
polygonsdefinedby IndexedFaceSet nodes.This includescreatinga vertex list, a list of vertex
indices,faceandvertex normals,andtexture coordinates.It may alsoincludetriangulationof non
convex polygons.Thisstepis discussedin moredetailin section7.7.1.

During thedrawing stepmethodtExtrusion() of classDrawer simply passesthepolygon
datacreatedduringpreprocessingto thenativedrawFaceSet() methodof classGE3Dthatis also
usedfor low-level renderingof shapeddefinedby IndexedFaceSet nodes(seeSection7.8). If
theshapedefinedby theExtrusion nodecontainsany nonconvex polygons,thesepolygonshave
to betriangulatedduringthepreprocessingstepmodifying theoriginalpolygondata.In thiscasethe
new polygondatahasto bepassedto methoddrawFaceSet() insteadof theoriginaldata.This is
notvalid for renderingin wireframerenderingmode,wherethecreatedpolygontriangulationshould
notbevisible.

7.7.1 PolygonData Generation

As mentionedabove, preprocessingof anExtrusionnodeis for themostpartcreatingpolygondata
(vertices,vertex indices,etc.) that definesa setof polygonsthat form the shapedescribedby the
Extrusion nodeandstoringthis polygondatausinga formatthat is compatiblewith themethods
thatareusedfor renderingandpickingof IndexedFaceSet nodes.

Figure7.6 andFigure7.7 illustrateapproximationof Extrusion shapesby a setof polygons
(thesmoothedgesin Figure7.6areachievedby settingthecreaseAngle field). Toenhanceperfor-
mancethispartis implementedin nativecode(in file vrwbuild.c ) thatis linkedto classBuilder
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Figure7.6: A shapedefinedby anExtrusion node.Thesmoothedgesareachievedby settingthe
creaseAngle field.

by its buildExtrusionD at a( ) native method. Before calling this method,the Java part of
methodExtrusion() hasto initialise thearraysthatshouldhold thepolygondata.Theelements
of thesearraysarefilled upby thenative codeimplementationof buildExtrusionD at a() .

As shown in Figure7.7, theshapesidesareformedby triangles.Thespecificationsaysthat the
sidesshouldbe formedby quadrilateralpolygons.But thesequadrilateralpolygonsarenon-planar
in many cases,which may causeincorrectrendering. Obviously trianglesare always planarand
areobtainedvery easilyby splitting up thequadrilateralpolygonsalongtheir diagonals.Figure7.8
shows that changingthe diagonaldirectionalternatelygivesa morebalancedfacedistribution for
normalvectorcalculation(thefacenormalsof theshadedfacescontributeto thenormalof themarked
vertex). Usingtrianglesto form theshapesidesmeansalsothattriangulationhasto beperformedon
nonconvex cappolygonsonly.

The triangleverticesaredeterminedasdescribedin the specification.The given 2D crosssec-
tion verticesarescaledaboutthe origin in the -q� o planeasspecifiedin the scale field. Their
coordinatesin 3D spaceareobtainedby usingthis 2D coordinatesin local coordinatessystemsat
eachspinepoint with the spinepointsasorigins. Thesecoordinatesystemsareorientedrelative to
thespinesegmentson eithersideof theparticularspinepoints. The -r� o planesof thecoordinate
systemslie on theso-calledspinealignedcross-sectionplanes(SCP).They shouldprovideasmooth
transitionfrom onespinesegmentto thenext (seeFigure7.9).

The SCPfor a spinepoint is computedby first computingits Y-axis andZ-axis vectors. The
X-axis is thedeterminedby takingthecrossproductof thesetwo vectors.In generaltheY-axisvector
for aspinepoint is foundby normalisingthevectorbetweenits adjacentspinepoints(thefirst andthe
lastspinepointsarespecialcases):

\-"s3� $&��tS#%(du t�vA�.w'�q$&�'tW#%(du t,�?�.wx $&��tS#%(du t�vA�.w'�q$&�'tW#%(du t,�?�.w x
.
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Figure7.7: Approximationof theshapeof Figure7.6by a setof polygons.Thesidesareformedby
triangles.

TheZ-axisvectoris determinedasfollows:

\l s%� ^y$m��tW#%(du t3vA�.wz�q$m��tW#%(�u tyw f /{^y$m��tW#%(�u t%�C�.w��|$&��tS#%(du tyw fx ^y$m��tW#%(du t3vA�.wz�q$m��tW#%(�u tyw f /{^y$m��tW#%(�u t%�C�.w��|$&��tS#%(du tyw f x
.

Finally, the coordinatesystemis rotatedasspecifiedby field rotation . This rotationis per-
formedrelative to theSCP.

MethodbuildExtrusion Data () doesthecalculationof the3D vertex datain two steps:� SteponecalculatestheZ-axisvectorsfor all spinepointsandstoresthemfor usein steptwo.
In thisstepall specialcases,suchascollinearspinepoints,arehandled.� Steptwo calculatesthe3D verticesof thecrosssectionpointsandcreatesalsothevertex index
list definingthe triangularpolygons. It addsalsothe vertex indicesfor the capfaces,if they
have to bedrawn.

Finally, methodbuildExtrusionDa ta () createsalso the texture coordinatesand indices
in a third step. The polygondatacreatedby methodbuildExtrusion Dat a( ) is usedto cre-
ate faceandvertex normalvectorsand to triangulatenon-convex cap facesusing the samemeth-
ods as for IndexedFaceSet nodes(methodsbuildFacenormals () , convexify() , and
autosmooth() ).

7.8 The IndexedFaceSetNode

The IndexedFaceSet nodespecifiesa 3D shapeformedby constructingfaces(polygons)from
vertices,assigningcoloursandnormalvectorsto theverticesor faces,specifyingtexturecoordinates,
controllingautomaticnormalvectorgeneration,andproviding hintsaboutthegeometry.
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Figure7.8: Forming the sidesof an Extrusion shape:alternatingthe diagonaldirection(right)
createsbetternormalvectors.

IndexedFaceSet {
eventIn MFInt32 set_colorIndex
eventIn MFInt32 set_coordIndex
eventIn MFInt32 set_normalIndex
eventIn MFInt32 set_texCoordInd ex
exposedField SFNode color NULL
exposedField SFNode coord NULL
exposedField SFNode normal NULL
exposedField SFNode texCoord NULL
field SFBool ccw TRUE
field MFInt32 colorIndex []
field SFBool colorPerVertex TRUE
field SFBool convex TRUE
field MFInt32 coordIndex []
field SFFloat creaseAngle 0
field MFInt32 normalIndex []
field SFBool normalPerVertex TRUE
field SFBool solid TRUE
field MFInt32 texCoordIndex []

}

As indicatedby the largenumberof fieldsandevents,the IndexedFaceSet nodeprovidesa
wide varietyof possibilitiesto specifyshapes.For mostshapesit is not necessaryto specifyall of
thesefields,becausethespecificationdefinesdirectionsto be followedby thebrowserto determine
suitablevaluesfor thosefields that have not beenspecified. This includesgenerationof default
texturecoordinatesandof normalvectors.Implementationof theserulesandof someotherpartsof
theIndexedFaceSet node’s functionalityin VRwave is discussedin thefollowing sections.

7.8.1 Two-sidedPolygons

TheIndexedFaceSet nodehasfieldsof typeSFBool thatprovidehintsaboutthegeometry. Two
of them,ccw andsolid , specifythevertex orderingandwhethertheshapeis solid:
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spine[i-1]

spine[i+1]

spine[i]
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X axis

-Z axis

Y axis

Figure7.9: Thespine-alignedcross-sectionplaneat aspinepoint.

field SFBool ccw TRUE
field SFBool solid TRUE

Theccw field definestheorderingof thegeometry’s vertex coordinateswith respectto specified
or automaticallygeneratednormalvectorsusedin thelighting modelequations.If ccw is TRUE, the
orientationof eachnormalwith respectto the verticesshall be suchthat the verticesappearto be
orientedin counterclockwiseorderwhenthefacesareviewedfrom thesidethenormalpointsto. If
ccw is FALSE, thenormalsshallbeorientedin theoppositedirection(seeFigure7.10).

normal vector

front face

2

3

0

1

Figure7.10:Counterclockwisevertex orientation.

Thesolid fielddetermineswhetheroneor bothsidesof eachpolygonshallbevisible. If solid
is FALSE, eachpolygonshallbevisible regardlessof theviewing direction(i.e. no backfaceculling
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shallbedone,andtwo-sidedlighting shallbeperformedto illuminatebothsidesof lit surfaces).If
solid is TRUE, thevisibility of eachpolygonshallbedeterminedasfollows: Let \} betheposition
of theviewer in thelocalcoordinatesystemof thegeometry. Let \~ bethegeometricnormalvectorof
thepolygon,andlet \� beany point in theplanedefinedby thepolygon’s vertices.Thenthepolygon
shallbevisible,if � \} : \~=� �V� \~ : \��� 0 o , otherwisethepolygonshallbeinvisible(backfaceculled).

Fortunately, theseconceptsaredirectly supportedby GE3D andthe underlyingOpenGL/Mesa
graphicslibrary allowing averystraightforwardimplementationin VRwave. In OpenGL’srendering
concept,polygonshave two sides,front andback,which might berendereddifferently. By default,
polygonswhoseverticesappearin counterclockwiseorderon thescreenarecalledfront-facing.This
settingcanbe changedby calling commandglFrontFace() with constantGL CWasargument
andcanberestoredby callingglFrontFace() againpassingconstantGL CCWthis time.

Backfaceculling issetbycallingcommandglCullFace() with GL BACKasargumentandhas
to beenabledusingglEnable() with GL CULL FACE. It canbedisabledusingglDisable()
with the sameargument. Additionally, lighting calculationshave to be changedto enablecorrect
lighting of thebackfacesif they arenotculled.

The commandsdescribedin the previous paragraphareusedin functionge3dHint() , which
is calledfrom thenative codeimplementationof methodGE3D.hint() , which is usedto setsome
flagsthatmodify GE3D’s renderingbehaviour. Its first argumentspecifiesthe typeof behaviour to
bechanged,thesecondargumentspecifieshow to changethis behaviour. GE3D.HINT CCWis used
asthefirst argumentfor settingthe orientationof vertices,GE3D.HINT BACKFACECULLINGfor
enablingor disablingbackfaceculling.

Orientationof verticesandbackfaceculling aresetin methodssetCCW() andsetBFC() of
classDrawer . Thesemethodsarecalled from methodtIndexedFaceSet during the drawing
stepsimplypassingthevaluesof theccw andsolid fields,wheresetBFC() is only called,if the
userhasnotexplicitly enabledor disabledbackfaceculling in VRwave’s “Display” menuto overrule
thesolid field’s value.

The orientation of the vertices has to be taken into account also in native method
buildFacenormals () of classBuilder , which createsthe facenormalsfor renderingin flat
shadingmode.Its implementation,whichcanbefoundin file vrwbuild.c , usesthemethodintro-
ducedby Martin Newell [FvDFH90][Hil90] to computethe facenormalvector. This methodtakes
differenttriplesof pointsfrom thepolygon,eachtriple definingaconstituenttrianglein thepolygon,
andfinds the normalvectorof the planeof eachtriangle. Finally, thesenormalsaresimply added
togetherandthe sumvector is normalised.As it expectsthe polygonfacesto be definedcounter-
clockwise,thedirectionof thefacenormalshave to bereversedif theccw field indicatesclockwise
orientation.

7.8.2 Default Texture Coordinates

As mentionedin Section7.1.1 texture coordinatesare provided by the geometrynodes. The
IndexedFaceSet nodespecifiesthetexturecoordinatesin its texCoord andtexCoordIndex
fields:

exposedField SFNode texCoord NULL
field MFInt32 texCoordIndex []

If the texCoord field is not NULL, it containsa TextureCoordina te node. The texture
coordinatesin that nodeareappliedto the verticesof the IndexedFaceSet asspecifiedby the
texCoordIndex or the coordIndex field. If the texCoord field is NULL, the browserhas
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to calculatea default texture coordinatemapping. In VRwave this functionality is implemented
in native code in file vrwbuild.c and can be accessedfrom Java by calling native method
buildDefaultTex coor ds( ) of classBuilder .

The first stepis to createa boundingbox basedon theshape’s local coordinatesasspecifiedin
thecoord field. Theelementsof arraysG tW# and G � ] , eachof sizethree,storetheminimumand
maximumcoordinatecomponentsin all threedirections,sothatthearraysrepresentthecoordinates
of two oppositecornersof theboundingbox:G tW#r�iu ]'� s�� a - � s�� amlk� s��dw ,G � ] �iu ]����m`�a - ���m`�amlk���m` w .
As describedin Section7.1.1,texturecoordinatesaredefinedin a2D coordinatesystem,(s, t), rang-
ing from 0.0 to 1.0 in bothdirections.Thelongestdimensionof theboundingbox specifiestheaxis
of theS coordinates,andthenext longestspecifiestheaxisof theT coordinates.If two or all three
dimensionsof theboundingbox areequal,theX, Y, or Z dimensionshallbechosenin thatorderof
preference.

local X

local Y

local Z

size[2]

size[0]

size[0] > size[2] > size[1] => s = 0; t = 2

(Xmin, Ymax, Zmin)

size[1]

Texture coordinates for each vertex (x, y, z):

s = (x - Xmin) / size[0]

t  = (z - Zmin) / size[0]

Bounding box

(Xmax, Ymax, Zmax)
(1, size[2] / size[0])

(0,0)

Figure7.11: IndexedFaceSet default texturemappingexample.

A third array, $gt l ( , containsthe dimensionsof theboundingbox, which arecalculatedby sub-
tractingeachelementof G tW# from thecorrespondingelementof G � ] :
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$gt l (��iu ] ���m` � ] � s�� a - ���m` ��- � s�� aml ���m` � l � s�� w .
The elementsof array $gt l ( are comparedwith eachother to find out the two longestdimensions
taking into accountalsothe rule specifiedfor equallysizeddimensions.At theendof this stepthe
valuesof thevariables$ and � referto thedirectionswith thetwo longestboundingbox dimensions,
whereavalueof 0 refersto theX, 1 refersto theY, and2 to theZ direction.Thesearethedirections
to beusedfor thefollowing final stepof default texturecoordinategeneration.

In this laststeptexturecoordinatesarecalculatedfor eachvertex with localcoordinates�b(* @��( ] �u ]%a - aml w specifiedin thecoord field asfollows:

$����Z�!����� `"� �W���z� s�� � �W�� s e � � �W� ,

��� �Z�!����� `"� � ���z� s�� � � �� s e � � �y� .

Figure7.11 shows an examplewith the longestdimensionof the boundingbox in the local X di-
rectionandthenext longestdimensionin thelocalZ direction.

These coordinatesare calculated and written to an in stored in an array in method
buildDefaultTexc oord s( ) , which is called from the tIndexedFaceSe t( ) methodin
class Builder during the preprocessingstep. This array is stored in the associated
IndexedFaceSetDa ta object for later use at the drawing step, where it is passedas an ar-
gumentto methodGE3D.drawFaceSe t( ) to renderthe specifiedshapein native codeusing
OpenGL/Mesacommands.

7.8.3 Normal Vector Generation

Correspondingto VRML97’s lighting modelandlighting equations,normalvectorsareusedto de-
terminethediffuseandspecularpartsof lighting. Normalvectorscanbespecifiedfor eachpolygon,
but alsofor eachvertex. All thesecasesarespecifiedby thefollowing fields:

exposedField SFNode normal NULL
field SFFloat creaseAngle 0
field MFInt32 normalIndex []
field SFBool normalPerVertex TRUE

Dependingon the valuesof thesefields the browser hasto distinguishbetweenfive casesas
summarisedin Table7.3.

Implementationof cases2 to 5 is very simpleandunspectacularasthefield valuesaredirectly
passedon to methodGE3D.drawFaceSe t( ) as describedin Table 7.3, except for case3 and
4 which usethe normalscalculatedby methodbuildFacenorma ls () of classBuilder (see
alsosection7.8.1) insteadof thosespecifiedin field normal . The restof this sectionwill be fo-
cusedon theimplementationof case1, generationof vertex normalsby comparingthevalueof field
creaseAngle with theanglebetweenthefacenormalsof two adjacentfaces.

TheVRML97 specificationstatesthatif theanglebetweenthegeometricnormalsof two adjacent
facesis lessthanthevalueof field creaseAngle , normalsshallbecalculatedsothatthefacesare
smooth-shadedacrosstheedge.Otherwise,normalsshallbecalculatedsothatalightingdiscontinuity
acrossthe edgeis producedandthe the faceswill appearfaceted.This featureis usedvery often,
becauseit allows descriptionof verycomplex shapeswith a rathersmallnumberof faces.
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normal normalIndex normalPerVertex

1 NULL any value any value Automaticallygeneratenormals,
usingcreaseAngleto determineif
andhow normalsaresmoothedacross
sharedvertices.

2 notNULL empty TRUE Apply normalsto eachvertex as
specifiedby field coordIndex.

3 notNULL notempty TRUE Apply normalsto eachvertex as
specifiedby field normalIndex.

4 notNULL empty FALSE Apply normalsof theNormalnodein
field normalto eachfacein order.

5 notNULL notempty FALSE Apply normalsto eachfaceas
specifiedby field normalIndex.

Table7.3: Applying normalsto verticesor facesof shapesdefinedby anIndexedFaceSet node.

Theexampleshown in Figure7.12illustratesbothcases:Theanglebetweenthefacenormalsof
faces1 and2 is 45 degreesandthereforegreaterthantheanglespecifiedby creaseAngle which
is 30 degreesin this example. In consequencetwo differentnormalshave to begeneratedfor those
verticesthatarepartof bothof thesefaces(vertices1 and2). For face1 thenormalsto beappliedto
vertices1 and2 areequalto thefacenormalof face1, for face2 they areequalto thefacenormalof
face2. Theedgebetweenvertex 1 and2 will beclearlyvisible. On theotherhandtheanglebetween
the facenormalsof faces2 and3 is lessthan30 degrees.Their commonvertices(vertices4 and7)
will get thesamenormalvectorfor both faces,which is createdby averagingthe facenormals(see
Figure7.14).Theedgebetweenvertex 4 and7 will appearsmoothandalmostinvisible therefore.

VRwave’sautomaticnormalvectorgenerationcodeis locatedin file asmooth.c . It containsthe
native codeimplementationof methodBuilder.autosm ooth () , which is passedthefollowing
arguments:

� a list of thevertex indicesandtheirnumber,

� a list containingthe facenormalscalculatedby methodbuildFacenorma ls () of class
Builder andtheirnumber,

� thecreaseangle(in radians).

This informationis usedto build up a help structureto storefor eachvertex the indicesof all
faces,thevertex belongsto. For theexampleshown in Figure7.12with avertex index list of

u oba � aZ��aZ�� �&�  ¡ � 2 � J
a �¢� a � a&£�a¥¤�aZ�� �m�  ¡ � 2 � L

a �¢� a&£�aZ¦�aZ§�a¥¤� �m�  ¡ � 2 � T
a �¢�.w

thishelpstructurelookslike thefollowing:
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creaseAngle = 0.5236 = 30°

face normal 2

face normal 3

face normal 1

(fn2)
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vertex normal 1
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Figure7.12: Generatingvertex normalsby comparingcreaseAngle with the anglebetweenthe
facenormalsof two adjacentfaces.

Vertex index Faceindices
0 1
1 1, 2
2 1, 2
3 1
4 2, 3
5 3
6 3
7 2, 3

Theresultsof methodautosmooth() arealist of normalsandthenormalindex list thatspeci-
fieswhichnormalhasto beusedfor eachvertex in thesamewayasthecoordIndex field chooses
coordinatesfrom theCoordinatenodeof thecoord field for eachvertex. Thesetwo lists couldbe
createdveryeasilyusingthealgorithmof Figure7.13.Applying thisalgorithmto theexampleshown
in Figure7.12theresultingnormallist wouldbe

u fn1, fn1, fn1, fn1, fn2, vn1,vn1,fn2, vn1, fn3, fn3, vn1w
andthenormalindex list wouldbe

u 0, 1, 2, 3, -1, 4, 5, 6, 7, -1, 8, 9, 10,11w .
Eventhoughtthis resultwould becorrect,a closerlook at thesetwo lists shows thepricewhich

hasto bepaid for thesimplicity of theusedalgorithm.Thenormallist containstwelve normalvec-
tors,but eachof themoccursseveral timesandin fact thereareonly four differentnormalvectors.
Soit wouldbemoreefficient to storeidenticalnormalsonly onceandto implementmultipleusageof
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procedureAutosmooth(vertex indices��t , facenormals̈�# , +. )(k�b$>(g�d#ª©��y( )
createthehelpstructureasdescribedabove
normalindex = 0
currentfaceindex = 1
for eachvertex index t of ��t do

if t 0 �«� then
vertex normal= ¨�#¬u currentfaceindex w
for eachface ¨ thevertex �dt belongsto do

gettheanglebetween̈�#¬u currentfaceindex w and ¨�#¬u index of f w
if thisangleis smallerthan +¥ )(g��$<(k��#ª©��y( then

add ¨�#¬u adjacentfaceindex w to thevertex normal(vectoraddition)
fi

od
normalisethevertex normalandaddit to thenormallist
addthecurrentnormalindex to thenormalindex list andincreaseit by one

else
add �«� to thenormalindex list
increasethecurrentfaceindex by one

fi
od

Figure7.13:A simplenormalvectorgenerationalgorithm.

anormalby multipleusageof its index in thenormalindex list. For theexamplethetwo listscouldbe

u fn1, fn2, fn3, vn1w andu 0, 0, 0, 0, -1, 1, 3, 3, 1, 3, 2, 2, 3, -1w
which is an optimal result for this example. While finding the optimal solutionis very simplefor
this example,it canbevery expensive andtime-consumingfor IndexedFaceSet nodesthatde-
fine very complex shapes.VRwave usestwo tacticsto reducethenumberof duplicatednormalsin
thenormallist, whichproduceverygoodresultsfor commonshapes:

1. A secondhelp structureis usedto storethe indicesof all normalscalculatedso far for each
vertex. Whena normal is calculatedfor a vertex, this structureis usedto checkwhetheran
identicalnormalhasalreadybeengeneratedfor this vertex andcanbe reusedby addingthe
samenormalindex to thenormalindex list.

This mechanismaffectsvertex 4 and7 in Figure7.12: Whenprocessingvertex 4 aspart of
face3, thealgorithmrealizesthat thecalculatednormal,vn1, hasalreadybeengeneratedfor
this vertex while processingit aspartof face2. Sothenormallist remainsunchangedandthe
normalindex, whichhasbeenusedfor normalvn1 there,is reusedin thenormalindex list.

2. If identicalnormalsarecalculatedfor consecutive vertices,thenormalis storedonly oncein
thenormallist andthesamenormalindex is addedto thenormalindex list for eachvertex. So
for theexamplein Figure7.12normalfn1 is storedonly oncefor vertices0, 1, 2, and3 of face
1.
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face normal

face normal

vector sum

vertex normal (normalised)

Figure7.14:Calculatingvertex normalvectorsby normalisingthevectorresultingfrom vectoraddi-
tion of thefacevectors.

Thefinal resultof methodBuilder.autosm ooth () for theexampleof Figure7.12arethe
following normalandnormalindex lists:

u fn1, fn2, vn1, fn2, fn3w andu 0, 0, 0, 0, -1, 1, 2, 2, 3, -1, 2, 4, 4, 2, -1w .
Normal fn2 still appearstwice in the normal list and the result is not optimal, but it is a signifi-
cantimprovementcomparedto theresultgeneratedby thesimplealgorithmdiscussedat thebegin-
ning. Finding optimal solutionswould be more time consumingandwould not save a significant
amountof memorycomparedto this implementationfor mostcases.The two list arestoredin the
IndexedFaceSet node’s associateduserdataobjectat the preprocessingstepandpassedon to
methodGE3D.drawFaceS et( ) at drawing.

7.8.4 Non-convex Polygons

While theIndexedFaceSet nodecanbeusedto describeverycomplex polygonsandshapes,most
3D graphicslibrariesmakestrongrestrictionsonthetypesof polygonsthey canrendercorrectly. For
mostlibraries,suchasOpenGLor theAPI compatibleMesalibrary, whicharethelow level libraries
usedby VRwave for rendering,theserestrictionsare:� Polygonshave to besimple, whichmeansthatnonadjacentedgesdonot intersectandadjacent

edgesintersectonly at theircommonvertex (Figure7.15ashowsanexamplepolygonthatdoes
notmeetthis restriction).� Polygonshaveto beconvex: thisrequiresthatfor any two pointsin theinterior, theline segment
joining themis alsocompletelyin theinterior. An alternative definitionof convex polygonsis
basedon the interior anglesof its vertices: a polygonis convex, if the interior anglesof its
verticesare lessor equalto 180 degrees. Both definitionsare illustratedby the non convex
polygonin Figure7.15b.� Polygonshave to beplanar: a polygonis planar, if all of its verticeslie on a singleplanein
space.Sincevertex coordinatesarealwaysspecifiedthree-dimensionalthis is not necessarily
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truefor arbitrarypolygons.lieon thesame.If they arenotplanar, thenaftervariousrotationsin
spaceandprojectionontothedisplayscreen,thepointsmight no longerform a simpleconvex
polygon. Figure7.15cshows a quadrilateralpolygonwith its verticesslightly out of plane.
Thereseemsto be no problem,but whenthe samepolygonis shown from almostabove its
projectionis anonsimplepolygonasshown in Figure7.15d.

> 180°

a)

c) d)

b)

Figure7.15:Examplepolygonsnotsupportedby most3D renderinglibraries.

Thereis oneclassof polygonsthatmeetsall theserestrictionsin any case:triangles.It is evident
that they aresimple.They arealwaysconvex, becausenonof theinterior anglescanbegreaterthan
180 degrees,sincethe sumof all interior anglesis 180 degrees. Finally, they are always planar,
becausetheirverticesdefineasingleuniqueplane.Dueto theirspecialstatusin this regard,triangles
arealsousedby VRwaveto implementthefunctionalityof theIndexedFaceSet node’s convex
field:

field SFBool convex TRUE

Theconvex field indicateswhetherall polygonsin theshapeareconvex. Thebrowsershould
displayalsononconvex polygonscorrectly, if thevalueof field convex is FALSE. Neverthelessnon
simpleor nonplanarpolygonsmayproduceundefinedresultsevenif theconvex field is FALSE.

Correct renderingof non convex polygonscan be achieved by subdividing them into several
convex partsandrenderingall thesepartsafterwards. Sincesubdividing theminto still relatively
complex partsand checkingthesepartsagainfor convexity would be very complicatedand time
consuming,it is a goodideato subdivide theminto partsthat areknown to beconvex in any case:
triangles.Thisprocessof subdividing polygonsinto trianglesis calledtriangulation.Triangulationof
polygonsis awidely discussedtopic in computationalgeometry. Therearemany algorithmscovering
all variationsof thisproblemwith timecomplexitiesof ­¯®°# L*± , ­²^³#�´�µ"¶�# f , ­C^j#�´�µ"¶·´�µ"¶¸# f , andeven­²^³# f [Cha90]. But mostof thesealgorithmsusevery complicatedandsophisticateddatastructures
andareverydifficult to program.VRwaveusesMeisters’algorithmthatis sometimesalsocalled“ear
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clipping” algorithm[O’R94]. While its time complexity of ­¹®º# T*± doesnot seemto bevery fast,its
greatadvantagesare,thatit is easyto understandandto program.It is basedonsomebasicdefinitions
andtheoremsthatwill beintroducedin thefollowing paragraphs.

Projection from »½¼ to »½¾
For reasonsmentionedabove it can be presumedthat the polygonsto be triangulatedare planar.
Although the vertex coordinatesof theseplanarpolygonsare threedimensionalcoordinates,these
polygonsareflat andnospatialinformationis neededfor thetriangulation.

An easytransitionfrom 3D spaceto flat 2D coordinatesis to project the polygononto oneof
the threeplanesthatdefinethe3D coordinatesystem,asshown in Figure7.16. To obtainthemost
accurateresultstheplaneyielding the largestprojectionhasto bechosento betheprojectionplane.
A polygon’s facenormal vector is a hint for its orientationin space. So the projectionplaneis
chosendependingonthecomponentof thefacenormalvectorwith thelargestabsolutevalue.For the
polygonin Figure7.16this is thefacenormalvector’s y-component,sothepolygonis projectedonto
thexz-plane.

y

x

z

Figure7.16:Projectionof a3D polygonontoacoordinatesystemplane.

Finding the Ar eaof Triangles

Finding the areaof a trianglecanbe donevery easilyby usingoneof the propertiesof the cross
productof two vectors:thelengthof ¿ÀÂÁ ¿Ã equalstheareaof theparallelogramdeterminedby ¿À and¿Ã (seeFigure7.17).As thediagonalhalvestheparallelogram,thispropertygivesa directmethodto
calculatetheareaof thetriangledeterminedby ¿À and ¿Ã .

So if thetrianglevertex coordinatesare ÄNÅÇÆ³Ä�È@ÉmÄ�Ê*ÉmËdÌ , Í�ÅÎÆyÍ.È@ÉZÍgÊkÉmËdÌ , and Ï«ÅÎÆ³ÏBÈ@ÉmÏ>ÊkÉmËdÌ then

its areais Ê¾�ÐÐÐ ¿
À�Á ¿Ã ÐÐÐ , where ¿À ÅÑÍ·Ò|Ä and ¿Ã ÅÓÏÔÒ{Ä . Thez-componentsof thevertex coordinates

arepresumedto bezerobecauseof theprojectioninto » ¾ describedabove. Finally, thetriangle’sarea
is Ê¾ÖÕ Ä�ÈkÍgÊ×Ò{Ä�Ê¥Í.È·Ø|ÄzÊZÏBÈÔÒ{Ä�ÈBÏgÊÙØ²Í¥È*Ï>Ê�ÒqÍgÊmÏBÈ Õ .

A slightchangeto thisareaformularesultsin new formulawith anadditionalinterestingproperty.
If takingtheabsolutevalueof theright part is omitted,theformulawill still returnthetrianglearea,
but the resultwill be only positive, if the triangleverticesaregiven counterclockwise,otherwiseit
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Figure7.17:Geometricinterpretationof thevectorcrossproduct.

will benegative. Thispropertycanbeusedto checkwhetherapoint is on theleft or on theright of a
directedline. Theline is definedby two points Ä and Í andis directedfrom Ä to Í . A third point Ï is
ontheleft of theline, if theareaformulareturnsapositivevaluefor thetriangle Ä , Í , and Ï , otherwise
it is on theright (seeFigure7.18).

b

c

a

c’
>0

<0

left
right

Figure7.18:Usingthetriangleareaformulato checkthepositionof apoint in relationto a line.

Computing the Ar eaof a Polygon

Sincetheareaof a trianglecanbedeterminedveryeasily, apolygonneedonly bedecomposedinto a
collectionof trianglesandtheareasof thesetriangleshave to besummedto getthepolygonarea.For
a polygonwith Ú verticesthereare ÚIÒ|Û triangleswith verticesË , Ü , and ÜªØ¯Ý with ËßÞAÜÔÞAÚIÒ?Ý .
While it is obviousthatthismethodreturnscorrectresultsfor convex polygonsasin Figure7.19,it is
a little moredifficult to seethatit worksalsofor nonconvex polygons.As illustratedin Figure7.20,
applyingthis methodto non convex polygonscreatestrianglesthat contribute negative area,which
seemsto beconfusingat first sight. But a closerlook shows that taking the sumof all areasagain
givestheactualareaof thepolygon.

As for triangleareasthesignof theresultingpolygonareacalculatedwith this methodis a hint
for thevertex orientationof thepolygon. If theverticesaredefinedcounterclockwise,thereis more
positive areathannegative areaandthesumwill bepositive,otherwiseit will benegative.



7.8. THE INDEXEDFACESETNODE 83

0

2
1

3

5

4

Figure7.19:A convex polygonasaunionof triangles.
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Figure7.20:Findingtheareaof nonconvex polygons.

Diagonalsand Ears

A diagonalof a polygonis a line segmentbetweentwo of its verticesà@á and à*â , whoseintersection
with thepolygonedgesis exactly theset ãkà@á�É&àkâ@ä , andwhich lies entirely in the polygon’s interior.
Threeadjacentverticesof apolygon,à@á°å3Ê , à@á , and à@á�æçÊ form anear, if theline segmentbetweenà@á°å3Ê
and à á�æçÊ is adiagonal.Vertex à á is theeartip. Two earsarenon-overlapping,if their triangleinteriors
aredisjoint. Thefollowing Two-EarsTheoremwasprovedby Meisters:

Theorem: Everysimplepolygonof Ú�è²é verticeshasat leasttwo non-overlappingears.

Finding Ears

Earscanalsobedefinedasfollows: threeadjacentverticesà<ájå3Ê , à<á , andà@á�æçÊ formanearof apolygon,
if
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v
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i-1

i
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Figure7.21:An earformedby verticesà@ájå3Ê , à@á (theeartip), and à@á�æçÊ .
1. thediagonalê à ájå3Ê É&à á�æçÊ&ë liesentirelyin theinteriorof thepolygon,and

2. noneof theotherverticeslies in the interior of the triangle ê à@ájå3Ê*É&à<á�É&à@á�æçÊ ë or on thediagonalê à@ájå3Ê*É&à@á�æçÊ ë .
Figure7.22illustratesthreesimpleexamplepolygons,wherethevertex marked in the left poly-

gon violatesthe first condition,the vertex marked in thepolygonin themiddleviolatesthesecond
condition,andthevertex marked in theright polygonmeetsbothconditionsandis thereforeanear
tip. Thetestwhetheravertex meetsthesetwo requirementscanbedonein ì²ÆyÚçÌ .

Figure7.22:Testingwhetherapolygonis aneartip.

The Triangulation Algorithm

The Two-EarsTheoremis a very importantpreconditionfor the triangulationalgorithmthat is de-
scribedby thefollowing pseudocode:

procedureTriangulate(polygon í , numberof verticesÚ )
if Ú�î;ï then

for eachvertex à of í do
if à is aneartip then

save thetriangleformingtheear
createí½ð by removing à from í
Triangulate( í ð , ÚNÒCÝ )
exit thefor loop

fi
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od
fi

Analysisof thealgorithm’s timecomplexity shows,thatits runningtimeis ì¯ñ°Ú,¼Bò . Theouterfor-loop
is run ì²ÆjÚçÌ times. Testingwhethera vertex is aneartip alsotakes ìCÆjÚçÌ time. Saving thetriangle
forming theearandremoving theeartip canbedonein constanttime, if theverticesarestoredin a
linkedlist. Sothetotal timecomplexity isó Æ³ÚçÌ×ÅÓì²ÆjÚçÌçô<ìCÆjÚçÌ3Ø²ì²Æ�ÝgÌ,Ø ó Æ³ÚõÒCÝgÌ�Å¹ì ñ Ú,¾ ò Ø ó Æ³ÚNÒ?ÝgÌ�Å¹ì ñ Ú,¼ ò .
In VRwave the implementationof this algorithmis part of file triangulate.c , which contains
thenative codeimplementationof classBuilder ’s convexify() method.Theverticesof each
polygonfaceareprojectedonto oneof the coordinatesystemplanesandstoredin a doublelinked
list to allow removing of eartips in ì²Æ&ÝgÌ . If thepolygonis convex, it remainsunchanged,otherwise
it is triangulated.As thetriangulationreplaceseachnonconvex faceby several triangularfaces,the
vertex index list hasto bechanged.Methodconvexify() keepsalsotheoriginal vertex index list
for drawing in wireframemodeandcreateda secondvertex index list thatspecifiesthe triangulated
faces.

If methodconvexify() changesthenumberof faces,it hasto adjustalsothenumberof face
normals. This is doneby duplicatingfacenormalsof non convex polygons,wherethe numberof
duplicateshasto beequalto thenumberof trianglesgeneratedby the triangulationprocess.Addi-
tionally methodconvexify() hasto adjustthe colour index list, if coloursaredefinedper face,and
finally it hasalsoto adjustthetexturecoordinateindex list. All thesenew listsgeneratedandreturned
by methodconvexify() arestoredin the userdataobjectassociatedto the IndexedFaceSet
nodeat the preprocessingstepandpassedon to methodGE3D.drawFaceSe t( ) at the drawing
step.

7.8.5 Colour Binding

Section7.5 describesthe implementationof theMaterial node,which providesa way to specify
surfacematerialpropertiesfor associatedgeometrynodes.While this nodeis very usefulfor sim-
ple monocolouredobjects,it would requirespecifyingcomplex shapeswith many facesof different
coloursby several IndexedFaceSet nodeseachspecifyingfacesof onecolour. Moreover it does
notallow applyingcoloursto vertices.

Thereforethe IndexedFaceSet nodeprovidesthreefields to modify onecomponentof the
materialpropertiesfor eachfaceor eachvertex of eachface(Figure7.23). This componentis the
diffusereflectance,which playsthemostimportantrole in determiningthecolourof anobject.The
threefieldsare:

exposedField SFNode color NULL
field MFInt32 colorIndex []
field SFBool colorPerVertex TRUE

Dependingon the valuesof thesefields the browser hasto distinguishbetweenfive casesas
summarisedin Table7.4.

As colourbindingdoesnotrequireany preprocessing,handlingof thesedifferentcasesis include
completelyin methodtIndexedFaceSet () of classDrawer . Dependingon the valuesof the
fieldsnamedabove, it choosesaintegerconstantthatindicatesthecolourbindingmodeandis passed



86 CHAPTER7. RENDERINGFUNCTIONALITY FORVRWAVE

color colorIndex colorPerVertex
1 NULL any value any value Usematerialpropertiesspecified

in theMaterialnodefor all faces
andvertices.

2 Color node empty TRUE Apply diffusecoloursof theColor
nodeto eachvertex asspecified
by thecoordIndex field.

3 Color node notempty TRUE Apply diffusecoloursof theColor
nodeto eachvertex asspecified
by thecolorIndex filed.

4 Color node empty FALSE Apply diffusecoloursof theColor
nodeto eachfacein order.

5 Color node notempty FALSE Apply diffusecoloursof theColor
nodeto eachfaceasspecified
by thecolorIndex field.

Table7.4: Bindingcoloursto verticesor facesof shapesdefinedby anIndexedFaceSet node.

onasargumentto methodGE3D.drawFaceS et( ) togetherwith thefield values.Theseconstants
aredefinedin classGE3Dandtheirvaluescorrespondto valuesthatareusedby theGE3Dlibrary and
definedin file mtl.h . Functionge3dFaceSet() of theGE3Dlibrary thatdoesthefinal rendering
of IndexedFaceSet nodeshapesin native codetranslatesthe datainto OpenGL/Mesafunction
calls.

7.9 The IndexedLineSetNode

The IndexedLineSet noderepresents3D geometryformedby constructingpolylinesfrom 3D
points.

IndexedLineSet {
eventIn MFInt32 set_colorIndex
eventIn MFInt32 set_coordIndex
exposedField SFNode color NULL
exposedField SFNode coord NULL
field MFInt32 colorIndex []
field SFBool colorPerVertex TRUE
field MFInt32 coordIndex []

}

Thecoordinatesof thepointsarespecifiedin thecoord field. Theindicesin thecoordIndex
field areusedto specifythepolylinesby connectingthereferencedpoints.Indicesof Ò«Ý indicatethe
endof apolyline. Thepolylinesarenot lit andnot texture-mapped.

The implementationof IndexedLineSet nodesdoesnot requireany preprocessing.Method
tIndexedLineSet () of classBuilder just checksthe types of the nodesin the fields of
type SFNode and storessomereferencesto field data in an IndexedLineSetD at a object.
Method tIndexedLineSet () of classDrawer passesthe field valueson to native method
GE3D.drawLineSe t( ) . As function ge3dLineSet() of the GE3D library doesnot support
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Figure7.23: IndexedFaceSet colourbindingmodes:perface(left) andpervertex (right).

colourbinding,a new function,ge3dLineSet2() , hasbeenaddedto thelibrary. It is split up ac-
cordingto thepossiblecolourbindingmodesandeachpartspecifiestheverticesandsetsthedrawing
colouraccordingto thecolourbindingmodeit implements.This new functionis usedby thenative
codeimplementationof methodGE3D.drawLineSe t( ) .

7.10 The PointSetNode

The PointSet nodespecifiesa set of 3D points in the local coordinatesystemwith associated
coloursateachpoint.

PointSet {
exposedField SFNode color NULL
exposedField SFNode coord NULL

}

Thecoord field containsa Coordinate nodethatspecifiesthecoordinatesof thepoints(re-
sultsareundefinedif thecoord fieldcontainsany othertypeof node).Coloursdefinedin theColor
nodeof field color shouldbeappliedto eachpoint in order. Thepointsarenot lit andnot texture-
mapped.

Similar to IndexedLineSet nodesPointSet nodesdo not require any preprocessing.
Therefore method tPointSet() of class Builder is almost identical to method
tIndexedLineSet( ) , just checkingthe typesof the nodesin the fields andstoringreferences
to field datain aPointSetData object.

For native coderenderingan additionalfunction,ge3dPointSet2() , hasbeenaddedto the
GE3D library, becausethe existing ge3dPointSet() function doesnot provide colour binding.
This new function is used by the native code implementation of native method
GE3D.drawLineSet () , which is calledfrom methodtPointSet() of classDrawer during
scenegraphtraversalat thedrawing step.
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Chapter 8

External Authoring for VRwave

The mostcommonlyusedmethodof communicationbetweenan externalJava environmentanda
VRML world is theinterfacebetweenaJavaappletonaHTML pageandanembeddedVRML world
on that samepage. The world is displayedby a Web browseror an Webbrowserextensionthat is
ableto view thescene,suchasaVRML browserplugin for theNetscapeNavigator. Almostall early
EAI exampleprogramswerebasedon this methodanddevelopedto be run by the NetscapeNavi-
gator- CosmoPlayerVRML browserplugin configuration,evendependingon proprietaryNetscape
Navigatorclasses.

When developmentof EAI supportfor VRwave started,VRwave could not be run as a Web
browserextension,andthis commonlyusedconceptcouldnot beused.Fortunately, this conceptis
only neededduring the initial phaseof communicationwhenthe externalJava environmenthasto
obtainaninstanceof classBrowser . OncetheBrowser instancehasbeenobtainedtheremainder
of theinterfaceis independentof how this instancehasbeenobtained.

This allowed implementingandtestingthecompleteEAI usinga non-standardway of commu-
nicationbetweenVRwave andthe externalJava applet. A NetscapeNavigator plugin wrapperfor
VRwave waswritten at the sametime, allowing useof VRwave asa Navigatorplugin andthereby
providing compatibilityto existingEAI exampleprograms.

8.1 The BrowserClass

Theprincipalfunctionalityprovidedby theJavaEAI is to makeanobjectof classBrowser available
to an externalJava applet,which givesaccessto the entireBrowserScript Interfaceasdefinedfor
scriptsinsideof Script nodes,andto nodesnamedby DEFin thebasescene.

8.1.1 Getting the BrowserObject

Currentlytherearetwo commonlyusedwaysto get an instanceof classBrowser in the external
environment: getting it from the static methodBrowser.getBrows er () or using Netscape’s
LiveConnectwhichdependsonproprietaryNetscapeclassesthatareprovidedby theNetscapeNavi-
gatorWebbrowser, andrequirestheclassBrowser to beasubclassof classPlugin , which is also
proprietaryto Netscape’s browser. As mentionedabove, usingthesecondmethodwith VRwave has
beenmadepossibleby implementationof aNetscapeNavigatorpluginwrapper.

During implementationandtestingof theEAI for VRwave,inter-appletcommunicationwasused
to make the Browser object available to the external applet. Both, the external appletand the

89
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VRwave appletviewing the scenethat shouldbe controlledby the external appletwere embed-
ded into a singleWeb pageandrun by an appletviewer. The inter-appletcommunicationis con-
trolled by methodsstart() andstop() in classiicm.vrml.vrwav e. VRwave andmethods
startVRwave() andstopVRwave() in classvrml.external.B ro wser .

As mostof VRwave’s functionalitycanbeaccessedvia theScene class(in fact the implemen-
tationsof many functionsof the BrowserScript Interfacearebasedon functionsthat areprovided
by classScene in a very straightforward way), the main task to build up the communicationbe-
tweenVRwave andtheexternalappletis to get a referenceto VRwave’s actualScene object(see
Figure8.1).This referenceis storedin aprivatemembervariableof theobtainedBrowser object.

Methodstart() of classVRwave is calledby theappletviewer to inform theVRwave applet
that it shouldstart its execution. It tries to call the static Browser.startV Rwave() method
passinga referenceto its actualScene object as argument. At the sametime, this is a check
whetherit hasaccessto the classesof the EAI implementationfor VRwave, sinceit is very un-
likely, that Java EAI implementationsfor other VRML browserswill provide a methodof the
samename. MethodBrowser.startVR wave () storesthe passedScene object referencein
the activescene variableof classBrowser . Similarly classVRwave’s stop() methodand
methodBrowser.stopVR wave () areusedto resettheactivescene variable.

TheexternalappletgetstheBrowser objectbycallingtheBrowser.getBrow se r( ) method,
which createsa new instanceof classBrowser , copiesthe referencestoredin activescene
to variablescene of this newly createdBrowser object and returnsthe object. As long as
activescene is null , Browser.getBro wser () returnsnull .

VRwave

Browser instance Scene instance

external applet

class Browser

set in Browser.getBrowser()

Browser browser;

browser = Browser.getBrowser();

Scene scene_;

static Scene activescene_;

startVRwave() { ... }

stopVRwave() { ... }

getBrowser() { ... }

Scene scene_;

init() { ... }

start() { ... }

stop() { ... }

returned from

Browser.getBrowser

creates

calls

creates

set in

Browser.startVRwave()

Figure8.1: Obtaininga referenceto VRwave’s Scene objectin staticmethodgetBrowser() of
classvrml.external. Br owse r .

If VRwave is run as NetscapeNavigator plugin, methodsBrowser.startV Rwave () and
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Browser.stopVRwa ve () arecalledfrom within classVRwaveReader andVRwavePlugin .
Beforeany of the methodsof classBrowser canbecalled,it hasto be ensuredthat VRwave has
alreadycreatedits Scene object. At thebeginning of eachmethodthatusesthis Scene object,a
methodthatblocksuntil theScene objecthasbeencreatedis called.

8.1.2 AccessingNodes

VRML nodescanbeaccessedby calling methodgetNode() of classBrowser , which returnsan
instanceof classvrml.external.N ode that specifiesthe Java representationof a VRML node
asseenby theexternalapplet(classvrml.external. Node is describedin moredetailin thenext
section).

SinceVRwave internallyorganisestheVRML scenein a scenegraphconsistingof a hierarchi-
cally orderedcollectionof objectsof classiicm.vrml.pw.No de or its subclassesrespectively,
the returnedNode instanceshouldcontaina referenceto VRwave’s internal representationof the
associatedVRML node.This referenceis obtainedasfollows (seealsoFigure8.2):

Name Ref

a

Browser browser;

Node a;

a = browser.getNode("a");

Hashtable nodenames_;

GroupNode root_;

DEF a

Scene scene_;

iicm.vrml.pw.Node pwnode_;

getNode() { ... }

Scene scene_;

Node instance

Transform

GroupNode

Browser instance

Hashtable

external applet Scene instance

Scene graph

children

set in Node constructor

set in Node constructor

creates
set during parsing

parsing
set during

returned by parser returned by parser

returned from

browser.getNode()

Browser.getBrowser()
set in

Figure8.2: ReferencingVRwave’s internalVRML noderepresentationsin Node objectsreturnedby
methodBrowser.getNod e() .

Duringparsingof therootscenetheparserbuildsupaHashtable objectthatmapsDEFnames
to Node objectsinside the scenegraph. If the parsingprocessis successful,the Scene object
obtainsthis Hashtable object from the parserby calling methodgetNodeNames() of class
iicm.vrml.pw.VRM Lpar se r andstoresit in amembervariable.MethodgetNode() of class
Browser usesthis Hashtable objectto geta referenceto therequirednodespecifiedby its DEF
namestring.

Once this reference has been obtained it is passed to the constructor of class
vrml.external.No de togetherwith a referenceto VRwave’s Scene object to createa new
Node objectthatis thenreturnedby methodgetNode() .

SincetheHashtable objectcontainingtheDEFnameto nodereferencemappingis obtainedaf-
terparsingof therootsceneonly, nodescreatedafterwards(DEFednodesin inlines,DEFednodesre-
turnedfrom createVrmlFromS tr in g/U RL) cannotbeaccessedwith thegetNode() method.



92 CHAPTER8. EXTERNAL AUTHORINGFORVRWAVE

This behaviour correspondsto the majority of the currentEAI implementations,becauseallowing
DEFnamescreatedin any otherscopeto beaccessiblefrom theEAI couldcauseseveralproblems:

ö Sincethereis no namedictionarymanagementfacility, thereis no way to remove namesonce
they have beenadded. Over time, thousandsof namednodesmay be created,which would
causethedictionaryto grow withoutpossibilityof evershrinking.ö If two nodesof samenameareadded,which is legal in VRML, undefinedresultswill occur
whentheEAI attemptsto accessthesenodes.SinceVRML doesnotdefinetheorderof execu-
tion of scriptsor theorderof loadingof Inline nodedata,differentbrowserswould present
differentnodesatdifferentpointsin time. Therewouldbenoway to controlthis ambiguity.

8.1.3 The BrowserScript Interface

As describedin Section4.3.1theVRML97 specificationdefinesasetof methods,theBrowserScript
Interface,that allows programsor scriptsto get andsetbrowserstate.All methodsof the Browser
Script Interfacearealsoavailable to EAI applicationsby public methodsof classBrowser . The
interfaceis thesameasfor scriptsin Script nodes:

public String getName()and public String getVersion()

Thesetwo methodscan be usedto identify the browser in someunspecifiedway. Both methods
simply returnpublicclassmembervariablesdefinedin classVRwave.

public float getCurrentSpeed()

Thismethodshouldreturntheaveragenavigationspeedfor thecurrentlyboundNavigationInfo
nodein meterspersecond,in the coordinatesystemof the currentlyboundViewpoint node. Since
VRwave doesnot provide this informationin its currentversion,this methodalwaysreturns0.0 as
definedby thespecification.

public float getCurrentFrameRate()

VRwave providesa menuoption to activateanddeactivatecalculationanddisplayof the rendering
speedin framesperseconds.If this option is activated,thegetCurrentFram eRat e() method
simply returnsthis value,which is calculatedin methodfinishedDraw() of classScene and
storedin its framespersecond publicmembervariable.

public String getWorldURL()

This methodcan be usedto get the URL of the root of the currently loadedscene. Sinceclass
Scene keepsthis URL to handlerelative URLs in Inline and ImageTexture nodes,method
getWorldURL() canobtainit easilyby callingmethodgetWorldURL() of classScene .

public void replaceWorld(Node[] nodes)

ThereplaceWorld() methodreplacesthecurrentscenewith thescenerepresentedby thepassed
array of root nodes of the new scene. The passed root nodes are objects of class
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vrml.external.No de and containreferencesto objectsusedfor noderepresentationin VR-
wave therefore. Basedon this data,methodreplaceWorld() builds up a scenegraphasused
by VRwave internally(seealsoChapter6). Afterwardsit callsmethodreplaceScene() of class
Scene passingthis scenegraph’s root nodeasargument. MethodreplaceScene() clearsthe
currentsceneandreplacesits scenegraphby thepassedscenegraphfollowedby a redraw request.

public void loadURL(String[] url, String[] parameter)

Theeffect of this methodis comparableto thatof anchoractivation. Thefirst recognisedURL from
the passedURL list is loaded. The parameter argumentis treatedidentically to the Anchor
node’s parameter field. ThemethodimplementationusestheactivateAnchor( ) methodof
classScene passingon theargumentsto this method.

public void setDescription(Stringdescription)

MethodsetDescription( ) setsthepassedstringargumentto bethecurrentscenedescription.
This descriptionis displayedin a browserdependentmanner. VRwave shows thescenedescription
in its statusbar. The text in the statusbar is setby calling methodstatusMessage() of class
Scene .

public Node[] createVrmlFromString(String vrmlSyntax)

The createVrmlFrom St rin g( ) methodparsesa string consistingof VRML statementsand
describingavalid VRML sceneandreturnsa list of thescene’s rootnodesrepresentedby anarrayof
objectsof classvrml.external.N ode. Thesenewly creatednodesreturnedby themethodcan
beaddedto thescenegraphasdesired.

To parse the string argument that contains the VRML data, a new instance of class
iicm.vrml.pw.VRM Lpar se r , themainclassof the‘pw’ parserpackage,is created.Sinceit ex-
pects to get its input data from an object of class java.io.InputSt re am, a new
java.io.StringBu ff er In putSt re am object has to be createdfrom the string parameter
with a prefixedVRML97 file header(#VRML V2.0 utf8 ). The readStream() methodof the
VRMLparser object readsthe dataandcreatesthe scenegraphreturninga singleobjectof class
iicm.vrml.pw.Gro upNode containingtheroot nodesof thescenegraph.

Afterwards,VRwave’spreprocessingstepis performedonthecreatedscenegraphby passingthe
GroupNode objectto methodbuildNode() of classScene , whichpassesit onto theBuilder
classthatdoesthepreprocessing.At thistimecreateVrmlFromS tr in g( ) hasacompleterepre-
sentationof thescenegraphof thestringargument’sVRML dataasusedby VRwave. Sinceits return
valueshallbeanarrayof objectsof classvrml.external. Node, this arrayandits elementsare
createdfrom thechildrenof theGroupNode objectandfinally thearrayis returned.

public void createVrmlFromURL(String[] url, Nodenode,String event)

MethodcreateVrmlFromUR L( ) usesa instanceof classURLloader , which is very similar to
classiicm.vrml.vrwa ve .URLSer ve r , omitting the texture imageloadingpartof course(see
Section7.2). It createsandstartsaseparatethreadto readtheVRML datafrom thefirst valid URL of
thepassedarray. Multiple requestsarestoredin aqueue.As in classURLServer theVRML datais
directedinto theparser, whichreturnsthescenegraph.Thesescenegraphispreprocessedandanarray
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of vrml.external. Node objectsis created,which is sentasanevent to theEventInMFNode
objectby passingit to thesetValue() method.

public void add/deleteRoute(NodefromNode,String EventOut, NodetoNode,String EventIn)

Thesemethodsaddor deleteroutesbetweenthegiveneventnamesfor thegivennodes.They canuse
theaddRoute() anddeleteRoute() methodsof the iicm.vrml.pw.No de objectsthatare
referencedby thefromNode andtoNode argumentsof classvrml.external. Node.

8.2 The NodeClass

Classvrml.external.N ode specifiestheJavarepresentationof aVRML nodeasseenby theex-
ternal applet using the EAI. Its constructor takes two parameters: a reference to the
iicm.vrml.pw.No de objectrepresentingthenodein VRwave’s internalscenegraphanda refer-
encetoVRwave’sactualScene object.Thesetwo referencesarestoredin thepwnode andscene
variables.Theiicm.vrml.pw.N ode objectreferencedby pwnode canbeobtainedby thepublic
methodgetpwNode() , which is usedfor exampleby the addRoute() anddeleteRoute()
methodsof classBrowser . BesidestheseVRwave specificparts,classvrml.external. Node
hasto implementthefollowing threemethodsasspecifiedby theEAI proposal:

public String getType()

Thismethodshouldreturnastringspecifyingthenodetypeor thenameof aprototype.SinceVRwave
doesnotsupportprototypesin its currentversion,themethodsimplycallsthenodeName() method
of theiicm.vrml.pw.Nod e objectreferencedby pwnode , whichreturnsthenodetypenameas
String object,which is alsothereturnvaluetypeof methodgetType() .

public EventIn getEventIn(String name)and public EventOut getEventOut(String name)

Thesetwo methodsprovide accessto a node’s eventIns,eventOuts,and exposedFieldsby name.
They usethegetEvent() methodof the iicm.vrml.pw.No de objectreferencedby pwnode
passingtheeventnameandasecondparameterthatspecifieswhetherthedesiredeventisaneventInor
aneventOut.Thissecondparameteris neededto allow correctcompletionof theeventnamewith the
appropriateprefix/suffix (set , changed ). ThegetEvent() methodreturnsa referenceto the
requiredeventthatis representedby aninstanceof classiicm.vrml.pw.Fie ld (seeFigure8.3).

Dependingon the typeof theeventvalue,a new instanceof ancorrespondingsubclassof class
EventIn or EventOut of packagevrml.external.f ie ld , which specify the baseinter-
face for all eventIn and eventOut types, is created. In the exampleshown in Figure 8.3 a new
instanceof classvrml.external. fi eld .E vent In MFNode is createdcorrespondingto the
addChildren eventInthatis of typeMFNode.

Additionally, an integer numberspecifyingthe event type is setusing the mappingdefinedin
classvrml.external. fie ld .F ie ld Types (11for theMFNodetypeeventin Figure8.3).The
referenceto the iicm.vrml.pw.Fi el d object,this integernumber, anda referenceto VRwave’s
instanceof classScene arepassedto methodinitialize() of the newly createdobjectand
storedin its eventin /eventout , fieldtype , andscene variables.Finally, the object is
returnedby thegetEventIn() or getEventOut() method.
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Node a;

EventIn evin;

evin = a.getEventIn("addChildren");

Scene scene_;

iicm.vrml.pw.Node pwnode_;

getEventIn() { ... }

iicm.vrml.pw.MFNode addChildren;

Node instance

external applet Scene Instance

iicm.vrml.pw.Transform

MFNODE = 11;

class Fieldtypes

initialize() { ... }

int fieldtype_;

iicm.vrml.pw.Field eventin_;

Scene scene_;

EventInMFNode instance

iicm.vrml.pw.MFNode

returned by browser.getNode()

set in Node constructor

set in Node constructor

set in initialize()

returned by getEventIn()

set in initialize()

set during parsing

set in initialize()

calls

creates

Figure8.3: GettingEventInobjectsproviding accessto anode’s eventInsandexposedFields.

8.3 The EventIn Classes

As describedin theprevioussection,externalappletscanaccessall eventInsof anodethey havearef-
erenceto by calling theNode object’s getEventIn() method.Thismethodreturnsa referenceto
aninstanceof classvrml.external.fi el d. Event In or anappropriatesubclassrespectively.

Objectsof classEventIn provideonlyasinglemethod,getType() , thatsimplyreturnsthein-
teger number specifying the event type as defined by the constants in class
vrml.external.fi el d. Fi el dTypes . This integer number has been set in method
getEventIn() by passingit to the EventIn object’s initialize() methodandhasbeen
storedin variablefieldtype .

Sincethe baseclassEventIn doesnot provide methodsto sendevents,external appletde-
velopershave to castthe EventIn object to the appropriateevent type subclassthat provides a
setValue() methodandanadditionalset1Value() methodfor multivalueeventtypes.

After checkingwhetherbehaviour hasbeenenabledby theuserandwhetherthevaluethatshould
besentto theeventInis valid for theparticulareventtype,methodsetValue() setsthenew value
by calling thesamenamedmethodof the iicm.vrml.pw.Fi el d objectusedfor internalrepre-
sentationof theeventIn. MethodsendEvent() inheritedfrom theEventIn baseclassis called
to initiate the event cascade.It usesthe sendEvent() methodof the iicm.vrml.pw.Fi el d
objectreferencedby eventin .

Before this methodis called, it hasto be ensuredthat the createdevent cascadedoesnot get
the sametimestampasthe previous one,which is necessaryto avoid event loops. This is doneby
an empty loop run until methodcurrentTime() of classScene returnsa timestampdiffering
from the timestampof the last event received by this eventIn, which can be obtainedby calling
methodgetTimeOfChange () of the iicm.vrml.pw.Fi el d object. The implementationof
theset1Value() methodsof multivalueeventtypesarevery similar to thatof thesetValue()
methods,exceptfor settingthevalue.
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8.4 The EventOut Classes

AccessingeventOutsof nodescan be usedto perform two operations:getting its currentvalue
and settingup an observer to receive notificationwhen the eventOut’s valuechanges.To get the
event’s currentvalue,aneventOut objectreturnedby aNode object’s getEventOut() method
hasto be castto the appropriateevent type subclass,which providesa getValue() methodand
an additionalget1Value() methodfor multivalue type events. They call the getValue()
or the getValueData() methodsof the iicm.vrml.pw.Fie ld object referencedby the
eventout variableto get the valueor oneof thevaluesof theeventOut. Multivalueevent types
inheritanadditionalmethodgetSize() from classEventOutMField thatis placedbetweenthe
baseEventOut classandtheparticulareventtypeclassesin theclasshierarchy.

To receive notificationwhenan eventOut’s valuechanges,the externalapplethasto setup an
observer objectof a classthat implementsthevrml.external.f ie ld .E ventO ut Obse rv er
interface,implementinga callback() methodtherefore.This classis passedto theEventOut
object’s advise() methodtogetherwith an userdefinedobject of any subclassof the standard
java.lang.Objec t classsoit canbeusedto holdany data.Methodadvise() addsthesetwo
argumentsto internallists (eventoutobs anduserdata ).

iicm.vrml.pw.Field eventout_;

Vector eventoutobs_;

Vector userdata_;

advise() { ... }

gotEventCB () { ... }

EventOutObserver 0

EventOutObserver 1

EventOutObserver 2

EventOutObserver n

Object n

Object 2

Object 1

Object 0

Vector goteventcb_;

sendEvent() { ... }

receiveEvent() { ... }

EventOut (implements
iicm.vrml.pw.GotEventCallback)

iicm.vrml.pw.Field

calls

add to list

add to list

calls callback() methods

set in getEventOut()

register

calls

passed as userData

parameter to callback()

Figure8.4: ConnectingtheEventOutObserver callbackmechanismwith VRwave’s internalcallback
mechanism.

ClassEventOut implementsthe iicm.vrml.pw.Go tE vent Cal lb ack interface to use
VRwave’s internal notification mechanism(see Chapter 6). Method advise() calls the
setEventCallbac k( ) methodof eventout to register the EventOut object to use this
mechanism.The EventOut object’s gotEventCB() methodis thencalled,whenever an event
is generatedfor thereferencedeventOutgettingalsopassedthetimestampof theeventasargument.
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The gotEventCB() method simply calls the callback() methods of all
EventOutObserver objectsstoredin thelist createdby theadvise() methodpassingalongthe
correspondinguserdefinedobjectandtheevent’s timestamp.In fact,classEventOut implementsa
gateway to connectthis two differentcallbackinterfaces.Figure8.4illustratesthismechanism.
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Chapter 9

An External Authoring Application

WhereasChapter5 introducedthe fundamentalconceptsof the ExternalAuthoring Interfaceand
Chapter8 discussedthe implementationof the Java ExternalAuthoring Interfacefor VRwave, this
chapterdemonstratesits usein practice. The Java appletdescribedin this chapterprovidesa very
simpleuserinterfacethat lets the userchooseany methodof the Java EAI, apply this methodto a
simpleVRML scene,andseeits effect.

9.1 The User Interface

The appletareais divided vertically into threeareas. The top areacontainsthe componentsfor
choosingfrom any Java EAI methodandfor applyingthe chosenmethodto the scene.The meth-
ods can be chosenfrom a pop-upmenuof choices,which is implementedby an object of class
java.awt.Choice . Theitem texts aredefinedin a separatehelperclass.Themethodis applied
to thesceneby pressingthebuttonontheright, which is anobjectof classjava.awt.Button . Its
eventsarehandledin methodaction() (theappletdoesnot useeventhandlingof Java 1.1 to be
compatiblewith olderWebbrowserversions),whichcallstheJava EAI methodcorrespondingto the
currentchoiceof theChoice object.

Figure9.1: Userinterfaceof theJava EAI exampleapplet.

99
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Themiddleof theappletareacontainsa text field thatshows a shortdescriptionof thecurrently
chosenJavaEAI method.Thistext field is implementedbyanobjectof classjava.awt.TextA rea .
The methoddescriptiontext hasto beupdated,whenever thecurrentchoiceof the Choice object
changes.It is setat handlingof eventsof theChoice objecttherefore(thedescriptiontexts arealso
definedin aseparatehelperclass).

After applyinga methodto thescene,its returnvalueor a commenton its effect on thesceneis
displayedin a text field at thebottomof theappletarea,which is alsoimplementedby aTextArea
object. The text is setat handlingof eventsof the Button object. The userinterfaceobjectsare
initialisedin methodinit() , which is calledby thebrowseror appletviewer executingtheapplet
to inform it thatit hasbeenloadedinto thesystem.

9.2 The Root Scene

Theroot sceneshows a rotatingredspherewith a checkerboardtexture. Rotationis controlledby a
OrientationInte rp ol ato r node, which gets its set fraction eventIns from a
TimeSensor nodewith field loop setto TRUEandstopTime Þ startTime , sothatit gener-
atesfraction changed eventOutscontinuously. Figure9.2shows theVRML file andFigure9.3
shows thescenegraphthatis createdduringparsingof thefile.

9.3 Java EAI Method Calls

Java EAI methodcallscanbefoundin thefollowing codesections:

ö MethodgetBrowser() is calledin methodinit() to obtaina referenceto theBrowser
object. In somecasesthis methodmight returnnull , becausetheJava appletis alreadyrun-
ningbeforetheVRML browserhasbeenstartedandinitialised.ThegetBrowser() method
call is placedin a loop therefore,sothat it is recalledwith a shortpausebetweeneachattempt
until the Browser objectreferencehasbeenobtainedor the numberof attemptsexceedsa
maximumlimit.ö Eventsof theButton objectarehandledin methodaction() . In this methodtheindex of
the currentlychosenitem of the Choice objectis obtainedandthecorrespondingJava EAI
methodis called.ö To demonstrateuseof theEventOutObserv er interface,theappletclassimplementsthis
interface,which meansthat it hasa callback() method. Choosingand calling method
advise() registerstheappletclassto benotified,whenever exposedFieldrotation of the
Transform nodegeneratesan event. Methodcallback() , which getsthe eventOutof
typeSFRotation asargumentandprintsthecurrentrotationangleto theresulttext field, is
calledin thiscase.

9.4 Viewing the ExampleApplication

TheJavaEAI definesaninterfacefor communicationbetweenaVRML browserandanexternalJava
appletor application.In mostcasestheVRML sceneis embeddedinto aHTML pageandviewedby
a Webbrowserplugin, andtheexternalJava appletis integratedinto thesameHTML page.For the
examplediscussedin thischapter, theHTML file lookslike this:
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Figure9.2: Therootsceneof theEAI exampleapplication.

<html>
<head>
<title>EAI example</title>
</head>
<body>
<center>
<embed src="root.wrl" width=400 height=250 mayscript>
<p>
<applet code="EAIapple t. cla ss " width=400 height=250>
</applet>
</center>
</body>
</html>
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children

Transform TRF
rotation

geometry appearance

Shape SHAPE

Sphere

material textureTransformtexture

Appearance

Material MAT PixelTexture TextureTransform

OrientationInterpolator ROTATION
set_fraction

value_changed

TimeSensor CLOCK

fraction_changed

Figure9.3: Scenegraphof theroot scene.

Figure9.4shows this HTML file viewedwith theMicrosoft InternetExplorerWebbrowser. The
VRML sceneis viewedby theCosmoPlayer2.1VRML browserplugin. Besidesthis standardway,
which is handledby apluginwrapper, VRwave’sJavaEAI implementationprovidesalternative ways
of communicationwith theexternalJavaenvironment.SinceVRwaveitself canberunasJavaapplet,
both the VRwave appletandthe externalappletcanbe integratedinto the sameHTML page. The
HTML file might look like this:

<html>
<head>
<title>EAI example</title>
</head>
<body>
<!-- VRwave applet -->
<applet code="iicm.vrml. vr wave .VRwave " width=320 height=260>
<param name="sceneURL" value="EAIDemo .w rl ">
<param name="windowTit le " value="Applet Viewer: iicm.vrml.vrwav e.V Rwave" >
</applet>
<p>
<!-- "external" applet -->
<applet code="EAIDemo.cl ass" width=600 height=250>
</applet>
</body>
</html>

For settingup an OpenGLcontext in the Java window, the window title hasto be passedas
parameterto the VRwave applet. In the HTML file above the passedwindow title is the title the
window will get,whenrun with the appletviewer utility of the Java DevelopmentKit (Figure9.5).
TheHTML pagecouldalsobeviewedwith aWebbrowserthatprovidesaJavavirtual machine,such
astheNetscapeNavigator. In thiscase,thewindow title parameterhasto bechangedto

<param name="windowTit le " value="Netscape : EAI example">.
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Figure9.4: Viewing the exampleapplicationwith Microsoft’s InternetExplorerandCosmoPlayer
2.1.
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Figure9.5: Viewing theexampleapplicationwith JDK’sappletviewer utility andVRwave.



Chapter 10

Outlook and Futur eWork

Futurework onVRwavewill addressthefollowing issues:implementingthosepartsof theVRML97
specificationthatarenotyet supported,providing a modernuserinterface,andreplacingnative code
renderingbasedon theGE3Dlibrary by Java 3D.

10.1 Implementation of Missing VRML97 Functionality

AlthoughVRwave in its currentversionprovidessupportfor mostof thenodesandconceptsof the
VRML97 standard,someof its key functionsarestill left to beimplementedin futureversions.The
missingpartsare:ö ElevationGridnodesupportö supportfor audionodes(AudioClip andSound)ö MovieTexturenodesupportö supportfor bindablenodes(Background,Fog,NavigationInfo,andViewpoint)ö supportfor environmentalsensornodesbesidesof theTimeSensornode(Collision,Proximity-

Sensor, andVisibilitySensor)ö Scriptnodesupport(Java).

The ElevationGrid Node

The ElevationGridnodespecifiesa grid of points,eachwith a useddefinedheight. This nodeis
usefulto createmeshesor to build a terrain.As for theExtrusionnode,therearetwo very divergent
alternativesto implementthenode’s functionality:

1. Implementingthenode’s completefunctionality, i.e. renderingin GE3D,calculationof normal
vectors,andpicking,from scratch.

2. Redefiningshapesspecifiedby the nodeusing the sameformat asusedfor IndexedFaceSet
nodes.

As for the Extrusionnode,it seemsto be reasonableto choosethe secondapproach.The data
formatconversionis eveneasier.
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Audio Nodes

VRLM97 providestwo nodesfor audio:

ö TheAudioClip nodespecifiesthesoundfile andthepropertiesof anaudiosourcethatis refer-
encedby aSoundnode.ö TheSoundnodeprovidesthelocationof anaudiosourceandspecifiesthespatialpropertiesof
soundpropagation.

While supportfor audioin Java’s coreclassesis very limited, new APIs of theJava MediaAPI
framework, suchasthe Java SoundAPI or Java 3D, which providesclassesfor 3D spatialsound,
couldbeusedto implementthesetwo nodes.

The MovieTexture Node

The MovieTexture nodedefinesa time dependenttexture map(containedin a movie file) andpa-
rametersfor controlling the movie and the texture mapping(it can also be usedas the sourceof
sounddatafor aSoundnode).Evenwith thepowerof todaysCPUsandgraphicshardwaredecoding
videodatais still a very expensive task. A decoderimplementedin Java cannot provide acceptable
framerates.Supportfor theMovieTexturenodewill dependontheavailability of optimisedJavaAPI
implementationsthatmake full useof thehardwarecapabilities.

Bindable Nodes

Bindablenodes(Background,Fog, NavigationInfo,andViewpoint) have the uniquebehaviour that
oneof eachtypecanbeactive at any instantin time. They aremanagedin separatestackswith the
active nodeat thetopof eachstackandprovideeventInsto manipulatetheir positionson thestack.

EnvironmentalSensors

TheCollisionnodeis agroupingnodethatspecifiesthecollisiondetectionpropertiesfor its children
andtheirdescendants.Collisiondetectiondependsonpicking,whichhasalreadybeenimplemented,
but shouldbeacceleratedby maintainingboundingboxesinternally. Boundingbox managementis
alsorequiredfor the implementationof theVisibilitySensornode,which is usedto detectvisibility
changesof a rectangularboxastheusernavigatestheworld.

Java Scripting

Work on supportingJava scriptingin Script nodesis underway. Somepartsof the implementation
will bevery similar to the implementationof the Java ExternalInterface. Themaindifferencesare
thatthebrowserhasto loadtheJava classimplementingthebehaviour andthatnodesandtheirfields
canbeaccesseddirectly.

10.2 User Interface Modernisation

VRwave’s currentuserinterfaceis basedon theAbstractWindowing Toolkit (AWT) of Java 1.0and
looks somehow old-fashionedcomparedto the userinterfacesof otherVRML97 browserssuchas
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CosmoPlayer. Useof the Java FoundationClasses(“Swing”) would allow a modernisationanda
moregraphic-designedstyleof userinterfacefor VRwave.

10.3 Implementation of Java 3D Rendering

As longasnative codeis usedfor low-level rendering,usershave to install localplatformdependent
librariesin additionto theJavaclasses.This is somewhattroublesomeandprohibitstheuseof anen-
tirely appletversionof VRwave. Whenimplementationsof Java 3D will beavailableacrossmultiple
platforms,native renderingcodecanbe replacedby Java 3D resultingin a 100%pureJava version
of VRwave. The transitionto Java 3D will requirealsomany changesin VRwave’s Java part, be-
causesomepartsof thehigher-level functionalitythatis now implementedin theJava partis already
providedandhandledby Java 3D.
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Chapter 11

Concluding Remarks

In theearly-1990s,whentheWorld Wide Webwason its way to becomethemostpopularInternet
service,a numberof peoplestartedto think over waysto extendtheconceptsof theWeb,bringing
its conceptualmodelfrom two dimensionsinto three.Early discussionson this subjectshowedvery
soonthat this could not be donewith the existing protocolsand languagesof the Web. This lead
to thedevelopmentof a new language,theVirtual RealityModelingLanguage(VRML), thatcould
describe3D scenegeometryaswell ascommunicatewith theWeb. TheVRML 1.0specificationwas
publishedin October1994.

For lack of time,a very importantaspect,interactivity, wasleft out almostcompletelyof VRML
1.0. This aspectwasintendedto bepartof VRML 1.1,which wasfinally droppedfor thebenefitof
VRML 2.0. VRML 2.0,which wasacceptedasanISO standardwith smallchangesandrenamedto
VRML97, includesaevent-basedbehaviour modelfor dynamicscenesanduserinteraction.Complex
dynamicbehaviour is achievedby linking programsandscriptsimplementingbehaviour to thescene
description.

Due to its platformindependenceandits networking capabilitiesJava is thepreferredprogram-
minglanguagefor behaviour implementation.Javacouldalsoplayanimportantrole in futureVRML
browserdevelopment,asits Java3D ApplicationProgrammingInterfacepromisesplatformindepen-
dent3D graphicsapplicationdevelopment.

Even beforethe final VRML 2.0 specificationhadbeencompleted,a numberof peoplestarted
discussionson somesort of interfacebetweenVRML browsersandexternalapplications.As this
aspectwasnot includedinto thespecification,a Java basedexternalinterface,named“ExternalAu-
thoringInterface”(EAI), waspublishedasproposalandbecameapseudo-standard.A revisedversion
of thisproposalis intendedto becamepartof theVRML97 ISO standard.

The main subjectof this thesisis the VRwave VRML97 browserdevelopedat the Institutefor
InformationProcessingandComputerSupportedNew Media (IICM). It is written largely in Java
andits sourcecodeis availablefreeof charge for non-commercialuse.An introductorychapterdis-
cussingVRwave’s internalclassstructure,scenegraphmanagement,the‘pw’ VRML 97 parser, and
eventprocessingis followedby a detaileddescriptionof theimplementationof VRwave’s rendering
functionalityandits Java EAI support.

The implementationof the renderingfunctionality includesimplementationof the functionality
of a numberof nodesthat aretruegeometrynodes,suchasExtrusionor IndexedFaceSet,or nodes
definingsurfaceproperties,suchastexturemappingnodesor theMaterialnode,or groupingnodes
with specialbehaviour, suchasLOD or Billboard.Theimplementationof higher-level functionalityis
donein Java,while only low-level renderingfunctionsandtime-consumingcalculationsarewrittenin
C andaccessedvia theJavanativecodeinterface.ThisgivesVRwaveaveryhigh level of portability,

109



110 CHAPTER11. CONCLUDINGREMARKS

andmakesit availablefor awide rangeof hardwareandoperatingsystemplatforms.

As VRwave is a Java applicationitself, its Java EAI implementationusesstaticJava methodsto
initialisethecommunicationwith theexternalapplication.Thisallows its usefrom any Javaappletor
standaloneapplication,while mostotherEAI implementationsallow only communicationwith Java
appletsin thesameHTML documentthatembedstheVRML scene.A simpleexampleapplication
demonstratestheuseof theJava EAI in practice.
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