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Abstract. In this paperwe presenta framework that provides remotecontrol
to OpenInventoror Cosmo3Dbasedvisualizationapplications.A visualization
server distributesa visualizationsessionto Java basedclients by transmitting
compressedimagesfrom the server framebuffer. Visualizationparametersand
GUI events from the clients are applied to the server applicationby sending
CORBA (CommonObjectRequestBrokerArchitecture)requests.
The framework providestransparentaccessto remotevisualizationcapabilities
and allows sharingof expensive resources.Additionally the framework opens
new possibilitiesfor collaborative work and distanceeducation.We presenta
teleradiologysystemand an automotive developmentapplicationwhich make
useof theproposedtechniques.

1 Intr oduction

Therapidevolutionof todaysdigital communicationnetworksenablesaccessto ahuge
amountof scientificdataandremotecomputationcapabilities,likesharedmemorymul-
tiprocessormachinesor specialhigh-endgraphicshardware.Concerningthis develop-
mentwe believe that techniqueshave to be developedto enablethe visualizationof
scientificdatausingremotelyavailablehigh-endvisualizationarchitecturesfrom any
Internet-connecteddesktopcomputer.

In the developmentof todaysdesktopcomputerstwo contrarytrendscan be ob-
served.Ontheonehandthecomputationandrenderingcapabilitiesof modernlow-cost
PCsarequickly rising.Onetheotherhandthenetwork computer(NC) is averysimple
andinexpensivedevice thatactsasa thin client to morepowerful servermachines.

Up to now hardwareacceleratedrenderinghasrequiredlocal rendering.For exam-
ple, in theX-Windowssystema remotelystarted3D applicationuseslocal 3D acceler-
ationhardwarefor rendering.Local renderingenableshigh interactionrates.However,
therearecertainconditionsunderwhich local renderingis impossibleor undesirable.
For example,typicaldatasetsfrom scientificsimulationsandmeasurementsneithercan
quickly transferrednor canbehandledon moderndesktopcomputersbecauseof their
immensesize.On the othersidethereis a classof high-endservers,supercomputers
andworkstationswith special3D graphicsaccelerationhardware,numericalcomputa-
tion power andhigh-performanceIO bandwidththat provide the necessarymeansto
handlelargescientificdatasets.Furthermorelocal renderingoftenrequiresthetransfer
of sensitive datafrom serversto clients.This maybe undesirablebecauseof security
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Fig.1. Theclient-server scenariousedin this framework. Oneor moreclientsremotelyobserve
andcontrolanapplicationonaserverby usingtwo CORBA interfacesandasocket connection.

reasons,e.g. for patientdatain medicalapplicationsits moresecureto transfer(en-
crypted)imagedatainsteadof originaldata.

Wedevelopeda framework for theremotevisualizationof largescientificdatasets.
It is ableto use3D accelerationhardwareof theserver systemandallows to usethese
featuresfromany Internet-connectedPCinteractively. Thegeneralscenariousedfor the
framework consistsof anhigh-endvisualizationserver for renderingimagesandoneor
moreclientsto provide a userinterface,displaythe renderedimages,andcontrol the
visualization(Fig. 1). Thereareno specialrequirementsfor the choiceof theclients.
Evena PDA with TCP/IPnetwork connectionandadequatedisplayresolutionwould
besufficient.

OntheserversideanOpenInventoror Cosmo3Dbasedvisualizationapplicationis
renderingeitherimageson-screeninto the framebuffer or off-screeninto thepbuffer.
Therebytwo differentscenarioscanbederived:A masterusercontrolsthesessionon
theserver machineandusesthevisualizationapplicationlocally. Imagesrenderedon-
screeninto the framebuffer areencodedandtransferredto all clientsusinga socket
connection.Thesecondscenariousesa display-lessserver that runsthe server job in
thebackgroundandrendersinto thepbuffer. Thepbuffer is aspecialprotectedgraphics
memoryblockwhichallowshardwareacceleratedoff-screenrendering.Imagesareread
fromthisbuffer into mainmemory, encodedandtransferredto theattachedclientsusing
a socketconnection.

TheJavaclientenablestransparentremoteaccessto thevisualizationcapabilitiesof
thehigh-endserver from any window systemsupportingplatform.Thereceivedimage
datais decoded,storedasa Java2D bufferedimageanddrawn into the framebuffer.
Mouseandkeyboardeventsgeneratedon the client aretransportedto the server ma-
chineusingCORBA methodcalls.Theserver providesanOpenInventoror Cosmo3D
interfacefor theseeventsthatpassestheparametersto objectsandfunctionsthathandle
theeventson theserver side.Thereby, whenusingOpenInventor, a manipulatorwid-
getcanberemotelypickedanddragged.Applicationparametersaretransferredto the
serverusinga secondCORBA eventinterface.



Using our framework, which consistsof several C++ andJava classes,the client
andserver applicationscanbeeasilydeveloped.Moreover the framework enablesthe
conversionof any existingvisualizationapplicationinto a remotelycontrollableoneby
addingonly a small amountof additionalcode.Multiple clientsareableto sharethe
view on thedataandinteractin turn.

In thefollowingsectionwewill describesomerelatedwork in thefieldof webbased
visualization.Section3 outlinesthearchitectureof our framework. Section4 explains
two exemplaryapplicationswhich usethe proposedtechniques.Resultsaregiven in
section5. We will concludethepaperwith someremarkson futureactivities.

2 RelatedWork

In thepastyearsseveralapproachesfor scientificvisualizationondigital networkswere
investigated.Oneof thefirst progressiveapplicationsfor volumevisualizationwaspre-
sentedby Lippertetal. [7].

Hendinintroduceda VRML basedvolumevisualizationtool [5], which usesthree
stacksof perpendicularslices.We introducedtechniquesfor fastvolumeclipping,col-
laborativework, anddatasizereduction[2] asanextensionto Hendin’sapproach.

An oppositeapproachwasproposedby Ma etal. Thewebbasedvolumevisualiza-
tion systemcalledDiVision allows usersto exploreremotevolumetricdatasetsusing
a web-browser[10]. Thesystemcomputesimageson a visualizationserver, which are
transferredto the client and insertedinto a graph.However, the applicationdoesnot
supportinteractivemanipulation.

In the virtual network computing(VNC) systemby Richardsonet al. [11], server
machinessupply applications,data,and desktopenvironmentsthat can be accessed
from any Internet-connectedmachineusinga wide varietyof machinearchitectures.It
is a remotedisplaysystemwhichallowstheuserto view acomputingdesktopenviron-
mentfrom anywhereon theInternet.VNC doesnot supportto useremote3D graphics
accelerationhardware.

JustrecentlySGI announcedOpenGLVizserver [8]. From the limited amountof
informationwhich is currentlyavailableit is understoodthat OpenGLVizserver will
enableasingleOnyx2 workstationto distributevisualizationsessionsto multipleUNIX
operatingsystemdesktopworkstationsby transmittingcompressedimagesfrom the
Onyx2 framebuffer. While thesystemonly seemsto work insideorganizationnetworks
andonly on SGI machines,our framework allows transparentaccessto any high-end
server from any Internet-connecteddesktopPC.

3 The Framework

Theframeworkconsistsof severalC++classesfor theserversideandJavamodulesthat
areusedto build aclientapplication.Becauseof themodularstructureof theframework
it canbeappliedto any visualizationapplicationandnew codecscanbeadded.



3.1 Server modules

A stand-alonevisualizationapplicationcaneasilybeconvertedinto aremotelyaccessi-
bleoneby addingaCORBA interfaceandslightlymodifyingthescenegraph.Currently
theframework wasadaptedfor OpenInventorandCosmo3D.

Open Inventor: OpenInventortraversesthescenegraphin a fixedorderfrom top to
bottomandleft to right. Becauseof this behavior we canadda new scenegraphnode
namedPBufferNode thatswitchesto the pbuffer renderingcontext in front (to the
left) of the contributing nodes,generallyat the leftmostposition.TheSocketNode
readstheframebuffer contentinto mainmemoryandperformstheencodingandtrans-
missionof theimagedata.It is insertedbehind(to theright) of thecontributingnodes,
generallyat therightmostpositionin thescenegraph.

As soonasthescenegraphhaschangedor new mappingparameters(e.g.modified
transferfunctions)havebeenreceiveda renderactionis appliedto therootnodeof the
scenegraph.Thenthefollowing sequenceof stepsis performed:

1. Therenderactiontraversesthescenegraphfrom top to bottomandleft to right.
2. As soonas the PBufferNode is reached,the rendermethodswitchesto the

pbuffer renderingcontext. If therewasnoPBufferNode nodeaddedto thescene
graphtherenderingcontext remainson-screen.

3. Therenderactioncontinuesto traversethroughthescenegraphandtheshapenodes
draw geometryinto thecurrentrenderingcontext.

4. As soonastheSocketNode is visited,thecontentof theframebuffer is readinto
mainmemory. It compressestheimagedatausingoneof theavailablecompression
methodsandprovidestheencodeddatato all connectedclientsvia a givensocket
port.

5. Therenderactioncontinuesto traversethescenegraph.

OpenInventorprovidesconvenientmechanismsto convert2D eventsreceivedfrom
a client to 3D events.Thestepsthatareperformedcanbesummarizedasfollows:

1. Theclientapplicationregistersinterestin particulareventswith its window system.
2. Theclientapplicationreceivesaneventfrom its window system.
3. Theclient callstheappropriateservermethodusingCORBA anddeliversthenec-

essaryparameters(e.g.mouseposition,mousebutton)to theserver.
4. The server applicationtranslatesthe event into a SoEvent (for mouseevents

SoLocation2Event).
5. TheSoEventis insertedinto aninstanceof theSoHandleEventAction class.
6. Thehandleeventactionis appliedto the top nodeof thescenegraph.This action

traversesthescenegraph.Eachnodeimplementsits own actionbehavior. Whena
node(typically a manipulator)is found,it handlestheevent.

7. If necessarya renderactionis appliedto thescenegraph.

TheCORBA mainloop andtheOpenInventormainloop arerunningin two sepa-
ratethreads.As OpenInventoris not thread-save thereceivedclient eventscannot be
appliedto thescenegraphimmediately. TheTicker classis anOpenInventorengine
(derived from SoEngine) that storesSoHandleEventActions createdby client
eventreceiving CORBA methods.TheTicker classis calledfrom theOpenInventor
mainloop in fixedtimestepsandtriggersaSoHandleEventAction.



Cosmo3D: Thescenegraphstructureprovidedby Cosmo3Ddiffersfrom thatof Open
Inventor. No informationis inheritedhorizontallyin theCosmo3Dscenegraph,which
is traverseddownwardsfrom top to bottomin eachbranch.OpenGLOptimizeroffers
differentkindsof scenegraphtraversalactions:On the onehandtherearedepth-first
traversalactionswhich do their work in the sameorderasOpenInventoractionsdo.
Ontheotherhandbreadth-firsttraversalactionscanbeappliedfor parallelizationusing
multiple processors.Thus,a new Cosmo3Dscenegraphnode,which implementsthe
correspondingfunctionality of the describedPBufferNode andSocketNode, is
derived from the Cosmo3DclasscsGroup. Its methoddrawVisit() containsa
pre-anda post-traversalsection.Theformerswitchestherenderingcontext to pbuffer
while thelattersectionstartstheencodingandtransmissionof theimagedata.

In contrastto the OpenInventorscenariothe new Cosmo3Dscenegraphnodeis
usedasa rootnodewhichenfoldstheoriginalscenegraphasits subgraph.

Alternatively, thescenegraphcanbe left untouchedandjust onefunctioncall has
to beaddedat thebeginningof themethodopXmViewer::swapBuffers(). This
functiondeterminesthecurrentdrawing buffer, callsglReadPixels() andinitiates
theimageencodingandtransmission.

Incomingmouseor key eventsareinterpretedandhandledafter a pre-processing
stepby thecorrespondingmethodsin theopXmViewer classasif they hadbeenap-
pearedon the local site.For example,mouseeventsaresentto a methodwhich con-
vertsthe incomingdataandemulatesthe methodprocessPendingEvents() of
opXmViewer.

3.2 Client modules

TheclientmodulesareimplementedusingtheJAVA2 platform.Weprovidethefollow-
ing classes:

RenderArea: The basicrenderareavis.inventor.RenderArea is a drawing
areafor framebuffer content,thatwasreceivedfrom thevisualizationserver. For this
purposetheJava2Djava.awt.image.BufferedImage classis used.Thedraw-
ing areaalso relaysmouseeventsthat are sentto the server. It is derived from the
java.awt.Panel classandcanbeaddedinto any Java container. The
vis.inventor.FullViewer class,derivedfromthisclass,providesthelook-and-
feelandfunctionalityof OpenInventorsSoXtFullViewer, whichincludesadecora-
tionaroundtherenderarea.Thisdecorationis makeupoutof thumbwheels,sliders,and
pushbuttons.It alsosupportsa context menuthatallows to changetheOpenInventor
renderingtypein severalways.

Decoders: vis.imagedecoder.Decoder is theabstractbaseclassfor all codecs
wehave implemented.New decoderscanbeintegratedinto theframework by deriving
new classesfrom thisbaseclass.We providethedecoders
vis.imagedecoder.ZLIBDecoder,vis.imagedecoder.LZODecoder,
vis.imagedecoder.RLEDecoder andvis.imagedecoder.RAWDecoder.
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Fig.2. Thelatency in betweenmanipulationandimageupdateconsistsof request,event transla-
tion, rendering,framebuffer read,encoding,transfer, decodinganddisplaytime.

SimpleViewer: Wealsoprovideaclassvis.viewers.SimpleViewerwhichcan
beusedasaclienttoobserveany remotevisualizationsessionof anapplicationthatwas
adaptedusingourframework.For thispurposeonly somelinesof codehavetobeadded
to a stand-alonevisualizationapplication.

3.3 Network Communication

Thetransmissionof imagesandtheremotecontrolof theserverapplicationarestrictly
decoupled.The imagedatais streamedthrougha TCP socket connectionandthe ap-
plication,mappingandrenderingparametersareappliedto the server applicationby
usingCORBA methodcalls.Oncenew mappingor renderingparameterswerereceived
by the server they areappliedto the visualization.Then the renderingis performed,
the framebuffer is copiedinto main memory, the datais encoded,transferredto the
clients,decodedandfinally copiedinto the framebuffer of the client (Fig. 2). These
stepsdeterminetheoverall latency of theapplicationbetweenmanipulationandimage
update.

CORBA interfaces: TheCORBA interfaceto theserver is dividedup into two parts:

– Theeventsfor therenderareaof theserverapplicationaresentto theserver using
the interfaceRenderArea. For a server that usesOpenInventor the interface
FullViewer extendstheRenderArea interfacewith functionalityof theOpen
InventorSoXtFullViewer class.

– Applicationspecificparametersareaccessedvia theApplication interface.We
provideabaseinterfacewhichcanbeextendedto makethefunctionalityof aserver
applicationaccessible.For example,if theapplicationallowsto addclippingplanes
wewouldhaveto addamethodaddClippingPlane to theinterfaceandimple-
menttheappropriateservermethod.

Image compressionand transfer: The imagetransmissionis decoupledfrom the
CORBA interfacesbecausewe wantedto beableto quickly replacetheimagetransfer



codecwith moresophisticatedoneswithout any changesin theremainingnetworking
code.It could be aswell integratedinto the CORBA communication,but right now
we transferthe imagedatausinga TCPsocket connection.Theusercanselectoneof
following encodingtypes:

– RAW: Thecodecreturnstheoriginaldata,thusnocompressionis performed.This
methodcanbeusedin a highbandwidthnetwork to keepthelatency low.

– ZLIB: Performsaloss-lesscompressionbasedontheZLIB library [12]. Thealgo-
rithm findsduplicatedstringsin theinputdata.Thesecondoccurrenceof astringis
replacedby a pointerto thepreviousstring,in theform of a pair (distance,length).
ZLIB compressionis a standardfeatureof Java sinceversion1.1andis performed
via fastnativecode.

– LZO: Performsa loss-lesscompressionbasedon the LZO library [9]. LZO is a
block compressionalgorithm- it compressesanddecompressesa block of data.
Block sizemustbethesamefor compressionanddecompression.LZO compresses
ablockof datainto matches(aslidingdictionary)andrunsof non-matchingliterals.
LZO favors speedover compressionratio. As the LZO codecis not a standard
methodof Java, the LZO decompressionis accessedvia a Java Native Interface
(JNI) call.

– RLE: Performsa loss-lesscompressionbasedon run-lengthencoding.

Despiteof the imagecompressionthe amountof datathat hasto be transmitted
to the client is still too large for low-bandwidthnetwork connectionslike an ISDN
connection.In orderto allow highinteractionratesonsuchconnectionsweadditionally
apply an imagesize reductionwhile interactingwith the data.For example,whena
manipulatoris pickedanddraggedwetransfertheimageswith half or quarterresolution
andscalethe imagesto full sizeon the client. As soonastheuserstopsdraggingthe
manipulatorafull frameis transmitted.Thecombinationof compressionandimagesize
reductionprovidessufficient frameratesevenon56k modemnetwork connections.

4 Collaborativevisualization envir onments

In areaswherespecialistsareseparatedby distancethe work-flow efficiency can be
improvedby collaborative applications.For example,suchapplicationsallow usersto
discussthevisualizeddatasharingthesameview. Furthermore,expensive expertscan
beconsultedanddistanceeducationor advancedtrainingcanbeheld.Additionally, our
approachprovidessimultaneousaccessto a server applicationfor multiple users.Thus
thecapabilitiesof expensivehardwarecanbeshardedby low-costclient systems.

In this sectionwe will presenttwo applicationsthat wereextendedby our frame-
work to enablecollaborative work. Thefirst oneis anapplicationthatuses3D texture
mappinghardwareof high-endgraphicsworkstationsto visualizemedicalvolumedata.
Thesecondoneis employed in thecardevelopmentprocessfor visualizationof huge
time-dependentfinite elementmodels.

4.1 Teleradiology

Theuseof 3Dtexturemappinghardwarehasbecomeapowerfulvisualizationoptionfor
directvolumerendering[1,15].Unfortunately, upto now 3D texturemappinghardware



is still restrictedto high-endgraphicsworkstations.Now onecanmake the hardware
capabilitiesaccessibleto almostany clientsystemby usingour framework.

For this purposean interactive stand-alonetexturebasedrenderingapplicationfor
medicalvolumedatahasbeenextended(Fig. 3, left). It hasbeenintegratedinto the
OpenInventorframework in orderto obtainthewholeflexibility andfunctionalityof-
feredby this graphicsAPI. By introducinga new class,thevolumerendererhasbeen
representedasa separateobjectwithin the hierarchicalstructureof the scenegraph.
This allows convenientuseof built-in manipulators,sensors,editorsandotherprede-
finedclasses,methodsandfeatures(light sources,anti-aliasing,perspective/orthogonal
projection,fly, walk, trackball)[4,13].

First a few lines of codewereaddedin orderto extendthe scenegraphusingthe
SocketNode we previously introduced.With this smallmodificationit is possibleto
join avisualizationsessionpassivelyusingaweb-browserandobservethevisualization.
To allow remotecontrolof theapplicationwe hadto extendthebaseCORBA applica-
tion interfacewith additionalfunctionality (e.g.updateof transferfunction,addingof
clipping planes,etc.).On theclient sidea viewer applicationwasdevelopedthatpro-
videsthesamelook-and-feelasthestand-aloneapplication(Fig. 3, right). We usedthe
vis.inventor.FullViewer classasthedisplayareain themainwindow, added
somebuttonsto thedecoration,andreimplementedthemenubarandthedialogsof the
stand-aloneapplicationin Java(e.g.thetransfer-functiondialog).

Recapitulating,ourapproachallowsworkinggroupstodiscussmedicalvolumedata
setscollaboratively. 3D texture supportinggraphicsworkstations,which weretoo ex-
pensivefor many hospitals,cannow beusedremotelyfrom any desktopPC.No patient
datais transferredthroughthe network and the securityof the imagestreamcan be
ensuredby usingSSHsocket tunneling.

4.2 Visualization of crash-worthinesssimulations

Anotherexamplewherethe presentedtechniqueis very useful is the visualizationin
the car developmentprocess.In cooperationwith the BMW Group we developeda
Cosmo3D/ OpenGLOptimizerbasedapplicationwhich is in productiveusein thepre-
andpost-processingof crash-worthinesssimulations.

Thecarbodiesarerepresentedby about500.000mainly four-sidedfinite elements.
During simulationthefirst 120msarecomputedandthecoordinatesof thedeforming
mesharestoredin 60 time stepstogetherwith thetrackedparametersinto a resultfile.
Thoseresultfilesoftencontainmorethan1.5GB of data.

Our applicationcrashViewer builds a Cosmo3Dscenegraphthatdescribesthecar
body for eachtime step.We developedan OpenGLOptimizer basedviewer which
allows theengineerto visualizeandanimatethecrash.Furthermore,thecrashperfor-
mancecanbeanalyzedby directlymappingthetrackedscalarparametersascolorsonto
thegeometryor by visualizingtheforceflux by forcetubes[6].

To representthe large scaleGouraud-shadedtime-dependentgeometrywith con-
stanttopologyfor eachtime stepin a Cosmo3Dscenegraph,asproposedin [14], ap-
proximately700MB of mainmemoryis required.Sinceonly high-endgraphicswork-
stationsareequippedwith sucha lot of mainmemorya techniquewassoughtto make



thoseexpensiveresourcesaccessibleto low-endsystems.Hence,weextendedthestand-
alonevisualizationapplicationby our approachwhich offersa solutionby transferring
imagedatafrom any OpenGLsupportingworkstationto arbitrarywindow supporting
clientsystems.

If ameetingof theanalyzingengineersis too time-consumingbecausethey are,for
example,locatedatdistantsites,theimagetransferallowsfor acollaborativediscussion
on thecrash-worthinessof thecurrentmodelvariant.Oneengineerstartsthevisualiza-
tion applicationwhich is ableto provide the renderedimagesin encodeddatastream
form aspreviouslyoutlined.

Therearetwo scenarios:first, theotherengineerstartsaJavaapplicationthatoffers
a minimal setof functionalityof theoriginal C++-basedvisualizationapplication.2D
mouseeventsandkeystrokestriggeredon the client sideare transmittedback to the
serverapplicationandinterpretedtherelikedescribedin section3.1.In thesecondsce-
nariowhereoneengineerwill communicatesomeresultsto oneor moreengineerswho
do not have to interactwith themodeltheformeroneadvisesanURL to otherpartic-
ipants.They startany HTML browser, downloada HTML pagefrom the givenURL
whichincludesaJavaapplet(seeFig.4).ThisappletencapsulatestheSimpleViewer
describedin section3.2.

Summarizing,ourapproachallowscollaborativeworkinggroupsto discusssimula-
tion resultsin distributedheterogeneousenvironments.Therearelow requirementsto
participatingclient systems.Additionally, in regardto securityaspects,for example,if
third party engineersof subcontractorsareinvolved,thepuredatawill stayin-house;
insteadjust imagedatais transferred.We expect,that this techniquewill facilitatethe
collaborationbetweenaccordantworking groupsof BMW andRover, whereit will be
testedin thenext few months.

5 Results

In thissectionweshow resultsfor theproposedtechniques.On theserversideall tests
wererunonaSGIOnyx2 workstationequippedwith two 195MHz R10000processors
and 512 MB of main memory. A SGI O2 workstationwith the sameprocessorand
128MB of mainmemoryanda 333MHz CeleronPCequippedwith 64 MB of main
memorywereservingastheclientsystems.TheO2waslinkedvia a100MBit Ethernet
network connectionandthePCwaslinkedusinga 64 kBit ISDN Internetconnection.
We usedthe medicalvolumevisualizationenvironmentwith a 512x512x106CT data
set.A typical imagesequencewith framesof 704pixelswidth, 576pixelsheightand
24bitsdepthwasused.

First we analyzethe frameratesthat canbe achieved over the local network and
the Internetconnection(Table1). While interactingwith thevolumethe imageswere
renderedandtransferredat quarterresolution(176x144pixels),after interactiona full
framewastransmitted.This leadsto fasterrendering,encoding,transfer, decodingand
displaytimes.Whenusingthestand-alonenon-networkedvisualizationapplicationwe
achievedan averageframerateof 4.1 for the full framesand25.4 framespersecond
for quarterframes.Using the ISDN connectionno interactive rateswereachievedus-
ing full frames.This is negligible during interactionbecausethenwe aretransferring



datasize LOCAL LAN ISDN
method full quarter full quarter full quarter full quarter
RAW 1.2mb 76 kb 1.9 19 - -
ZLIB 106kb 6 kb 2.2 14 0.09 1.5
LZO 150kb 9 kb

4.1 25
2.4 16 0.06 1.3

RLE 160kb 10 kb 2.5 16 0.06 1.2

Table 1. The listed framerateswereachieved whenvisualizinga CT dataset (512x512x106)
locally, remotely using ISDN and remotely in a LAN network. Quarter resolution frames
(176x144 pixels) were sent while interacting with the volume and full resolution frames
(704x576pixels) weresentafter interaction.The averageamountof transferreddatafor a full
andquartersizedframeis denotedin theleft partof thetable.

quartersizedimagesonly. Thusinteractive refreshratescouldbeachieved.Only if the
userstopsto interact(e.g.releasesamanipulator)theuserhasto wait somesecondsfor
the full sizeframe.BestframerateswereachievedusingZLIB compressionbecause
the network bandwidthis the limiting factor for transmissionvia ISDN. We will see
later that ZLIB compressionhasthebestcompressionratio. For a local network con-
nectionbestframerateswereachievedusingRLE compressionbecausetheencoding
anddecodingtimesarethecritical values.

Secondly, we comparethe encodingtime andthe compressionratioswhenusing
ZLIB, RLE andLZO compression.The averageencodingtime was180 milliseconds
for ZLIB, 50millisecondsfor LZO and30millisecondsfor RLE.Theaveragedecoding
timeontheO2was93millisecondsfor ZLIB, 29millisecondsfor LZO and13millisec-
ondsfor RLE.Obviously, concerningthecompressionratioZLIB compressionis ahead
of theothercompressionmethods(Fig. 5). RLE performsnearlyaswell asLZO com-
pression.RLE is thesimplestandthusthefastestcompressionmethodwe investigated.
Thecompressionratiosof all methodsof coursedependon thecoveringof thescreen
spaceby thevisualization.Thatis why amagnificationleadsto lowercompressionfac-
tors.Becauseof theseresultswecurrentlyfavourZLIB compressiononlow bandwidth
channelsandRLE compressiononhighbandwidthchannels.

6 Conclusionsand Future Work

We have presenteda framework which allows remotehigh-endvisualizationfrom any
Internet-connected,Java-enableddesktopPC.Theintroducedtechniquesweredemon-
stratedby two applications.A volumerendererfor 3D medicaldata,thatusesspecial
3D texturehardware,cannow beusedremotelyfrom any Internet-connectedPC.We
will effect an applicationstudywith the Departmentof Neurosurgery of the Univer-
sity of Erlangen-Nuremberg. Furthermore,a visualizationapplicationfor large scale
datasetsof crash-worthinesssimulationswasextendedby thepresentedframework to
enablecollaborationin thecardevelopmentprocess.

As a mainresultof our work it is now possibleto remotelyexplorehugescientific
datasetson specializedserver hardwareusing low-costclients.We showed that this
is evenpossibleusinga low bandwidthchannellike an ISDN connection.The trans-
fer of GUI eventsandapplicationparametersrequiresa muchlower bandwidththan



thedownloadof renderedimages.Exactly this scenariois givenwhile usinglow-cost
broadbandInternetconnectionslikecablemodemsor satelliteconnections.

An areaof future work involvesthe developmentof specializedimage-streaming
codecsfor computergeneratedimagesequences.First resultsusingvideo streaming
codecswere presentedin [3]. However, currentlyavailable codecsare basedon the
needsof Internetvideostreams.Thosestreamshave differentcharacteristicsthanren-
deredones(variableframerate,partial changesin consecutive frames,...). Onepos-
sibleapproachwould be to uselossycompressionwhile interactingwith thedataand
loss-lesscompressionwhenhaving still images.Also imageencryptiontechniquesare
necessaryfor transferringsensitivedataover theInternet.
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Fig.3. Transparentremoteaccessto 3D texturemappinghardwareof a C++ server application
(on the left) from a Java client application(on theright). Note that theclient providesthesame
look-and-feelasthestand-aloneapplicationby providing anOpenInventor-like decoration.The
displayedmanipulatorscanbepickedanddraggedremotely.

Fig.4. Transferof imagedatafrom theoriginalvisualizationapplication(ontheleft) via asocket
connectionto aHTML browser(on theright).

Fig.5. CompressionRatiosof ZLIB, LZO andRLE compressionfor a typical imagesequence.
A rotationof thevolumefollowedby amagnificationwasperformed.


