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Abstract
Thispaperpresentsa genericsolutionfor hardware-acceleratedremotevisualizationthatworkstransparentlyfor
all OpenGL-basedapplicationsandOpenGL-basedscenegraphs.Universality is achievedbytakingadvantage of
dynamiclinking, ef�cient datatransferbymeansof VNC.Theproposedsolutiondoesnotrequireanymodi�cations
of existingapplicationsandallowsfor remotevisualizationwith differenthardware architecturesinvolvedin the
visualizationprocess.Thelibrary's performanceis evaluatedusingstandard OpenGLexampleprogramsandby
volumerenderingsubstantialdatasets.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:Distributed/network
graphics,C.2.4[DistributedSystems]:Distributedapplications

1. Intr oduction

Scienti�c simulationstendto produceever-growing amounts
of data.Analyzing thesedataon the researcher's local host
posestwo problems:�rst, local analysisis impossibleif the
resourcesneededto visualizethedataexceedthelocalhard-
ware capabilities;second,transferringthe data eachtime
new simulationdatais available is tediousif the network-
bandwidthis low. Theseproblemsleadto anincreasedinter-
estin remotevisualization.

Thecommonapproachfor remotevisualizationemploys
theOpenGLremoterenderingfacilities.In thisapproachthe
applicationis run remotelywhile thelocal hostdoestheac-
tual rendering.This solutionis application-independentand
thereforevery popular, but it doesnot bene�t from special
graphicshardwarefeaturesavailableat theremotehostsuch
as3D texturesandlarge amountsof texture memory. As a
concreteexample,in the systempresentedby Magallónet
al11, a clusterof Linux PCsequippedwith graphicsacceler-
atorsrendersandcomposesimageswhich arepresentedto
the user. In this situation,traditional OpenGLremoteren-
deringperformspoorly becauseof the high bandwidthre-
quirementsit imposeson the network betweenthe cluster
and the user's workstation.Several solutionsto tackle this
shortcominghave beendeveloped(e.g.,Bethel1, Engel3 � 4� 2,

Ma10, amongothers),but all of theselack applicationor ar-
chitectureindependence.

In mostcasesgenericsolutionsperformworsethanspe-
ci�c solutionsfor thesameproblem,sowhy shouldonecare
aboutuniversality?Speci�c solutionsrequirethe program-
mer to know the internalworkingsof the applicationto be
adapted.This often requiressourcecodeavailability, thus
commercialapplicationsdo not comeinto questionfor spe-
ci�c solutions.And even if the sourceis available, it may
behardfor aprogrammerto modify anapplicationoriginaly
implementedby someoneelse.Soin thiscase,too,ageneric
solutionmightbepreferable.

For thesereasonsthis paperpresentsanapplication-and
architecture-independentsolution for hardware-accelerated
remotevisualization.It is basedaroundthewell known con-
ceptof dynamiclinking6 andexploits characteristicsof the
X WindowSystemandits associatedprotocol.Theideais to
redirectOpenGLrenderingrequeststo the hardwarewhere
theprogramis running.Oncethe renderingis done,the re-
sulting imageis readoff the framebuffer andsentover the
network to thedisplaytogetherwith all otherGUI elements.
Sinceall theOpenGLrenderinghappenson theremotedis-
play, it is possibleto usean existing OpenGL-basedappli-
cationwithout requiringtheavailability of OpenGL-capable

c
�

TheEurographicsAssociation2002.



Stegmaier, Magallón,andErtl / A GenericSolutionforHardware-AcceleratedRemoteVisualization

hardwarelocally, while takingadvantageof advancedgraph-
ics featuresaswell ashardwareaccelerationby the remote
hardware.For example,this solutioncanbeusedto provide
remoteaccessto distributedrenderingfacilitiessuchasthose
presentedby Magallón et al. By leveragingalreadyexist-
ing remote-accessapplications,our proposedsolution also
makes it possibleto accessremotevisualizationresources
from operatingenvironmentsthatdonotprovide implemen-
tationsfor therequiredprotocolsby default.

Therestof this paperis organizedasfollows: �rst, other
solutionsfor remoteaccessof graphicshardware are an-
alyzed;then the necessarybackgroundregardingdynamic
linking andOpenGLrenderingis visited;afterwards,thear-
chitectureof our solution is explained;in the last part, our
resultsarepresented.

2. Previous Work

SiliconGraphics,Inc. providesacommercialsolutioncalled
OpenGLVizServer16, that enableslightweight clientssuch
asO2 andPCworkstationsto accesstherenderingcapabili-
tiesof SGIOnyx servers.Becauseof designdecisions,other
architecturescannotbeusedasserversfor this application.
Similarly to our solution, the VizServer relies on dynami-
cally linkedexecutablesin orderto beableto implementits
functionalitywithoutmodifying thetargetapplication.

Ma andCamp10 developeda solutionfor remotevisual-
izationof time-varyingdataover wide areanetworks. It in-
volvesadedicateddisplaydaemonanddisplayinterfaceand
displaydaemon.The �rst receivesdatafrom a renderpro-
cess,compressesit and passesit to the second,which in
turn decompressesthe dataandpresentsit to the user. By
using a customtransportmethod,they are able to employ
arbitrary compressiontechniques.Bethel1 presentedVisa-
pult, a prototypesystemdevelopedat LawrenceBerkeley
National Laboratorythat combinesminimized data trans-
fersandworkstation-acceleratedrendering.Visapultalsore-
quiresmodi�cations of the applicationin order to make it
“network aware” andreliesto someextenton theexistence
of hardwaregraphicsaccelerationon the local display. En-
gel andErtl2 developeda solutionfor remotecollaborative
volume visualizationwhich exploits the characteristicsof
theapplicationdomainto reducelatency aswell asrequired
network bandwidth.Engelet at3 further developedthis ap-
proachandimplementeda hybrid renderingmechanismto
obtainbetterframerates.

Another solution for remote rendering is included
with the Open Inventor 3.0 toolkit offered by TGS
(http://www.tgs.com).The solution is very similar to our
work in that it addressesGLX andX requeststo two dif-
ferentX serversandutilizestheVNC (virtual network com-
puting) client-server infrastructurefor imagetransmission.
Basedon theavailableinformation,thesolutionseemsto be
restrictedto OpenInventor.

Figure1: GLXarchitecture aspresentedby Kilgard7

3. Background

3.1. OpenGL Graphics with the X Window System

GLX17 is anextensionto theX protocol12 thatallowsclients
to createa so-called“GLX context” which can be used
to issueOpenGLcalls that can be executedusingeither a
hardware-acceleratedrenderingengineor a software-based
one.By sittingontopof X, network transparency is obtained
for free.A GLX context canoperatein eitherdirector indi-
rectmode.In indirectmode,theclient sendsrequeststo the
X server which propagatesthemto the hardware.In direct
mode,theX server only functionsasa marshalmakingsure
thattheOpenGLstateof eachclient is keptconsistent.Since
theX protocolis bypassedin directmode,OpenGLrender-
ingcanachievethemaximumperformanceof thehardware8.
Direct renderingimplies that the processis runningon the
samemachineastheX server andnot over thenetwork. In
thecaseof remoterendering,only indirectmodeis possible,
if atall. Figure1 shows bothcases.

3.2. Dynamic Linking

In modernsystems,programmershave the choiceof stat-
ically or dynamicallylinking programsduringcompilation.
In staticlinking, all theobjectreferencesof aprogramarere-
solvedduringthelink phaseof thecompilation.In contrast,
with dynamiclinking, theexecutable�le containsreferences
to, but not theactualcodeof therequiredlibrary functions.
In this case,symbol resolutionis carriedout during load-
time. The dynamiclinker is in charge of �nding theseref-
erencesin theexecutableandresolvingthemusinga list of
sharedobjectnames(libraries)thattheexecutablecontains.
Oneof the advantagesof load-timelinking is that it facili-
tatescodereuse,it simpli�es thetaskof �xing bugsandre-
ducesthememoryrequirementsimposedon systems,since
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codepagescanbesharedamongunrelatedprocesses.By its
very nature,it also enablesusersto replacelibraries with
customversionsdesignedto modify the behavior of a pro-
gram.Theonly requirementin this caseis to keeptheappli-
cationbinary interfacesunmodi�ed. Sincere-implementing
all theinterfacesof alibrary canbecumbersomeandtedious,
somesystemsoffer the possibility to load arbitrary lists of
sharedobjectscodebeforetherequiredlibrariesareloaded,
with thepurposeof selectively overridingfunctionsin other
sharedobjects.This processis calledpreloading. As will be
explainedlater, thissimpli�es theimplementationof ourso-
lution.

In additionto load-timelinking, it is alsopossibleto per-
form runtimelinking, as�rst describedby Ho andOlsson6

and later explained in the Linux/GCC case by Lu9. In
this approach,additionalobjectscanbeopenedat run-time
and symbolscan be selectively addedto the running pro-
gram. The most widely usedinterface for this purposeis
dlopen(3) , available on systemssuch as IRIX, Linux,
andSolaris,amongothers.Thiscanbeused,in concurrence
with thepreloadingfeaturementionedbefore,to wrapcode
aroundthe original library functions: �rst the function is
overriddenusingpreloading,thenits original codeis recov-
eredusingdynamiclinking andit is usedby thecustomized
versionof the function to provide the original behavior if
necessary.

4. Implementation

By taking advantageof the dynamic linking facilities ex-
plainedabove, it is possibleto modify the behavior of any
givenprogramfor theX Window Systemwithout changing
its sourcecodeor thatof thelibrariesit uses.In ourapproach,
therearetwo X serversinvolved:onethatsupportsGLX and
a secondone,which takescareof the userinteraction,and
which doesnot necessarilysupportGLX. In the following
discussion,the�rst X serverwill becalledrenderserverand
thesecondonethe interaction server. Display will beused
in thesameway theX Window Systemde�nesit.

Theapplicationis startedlocally to the renderserver but
its environmentis con�gured to have it displayedon thein-
teractionserver. It is loadedin sucha way that a custom
versionof every GLX functionis used,whosejob is to redi-
rectGLX requeststo the renderserver. Sincethedisplayis
partof theGLX context's properties,OpenGLcalls areau-
tomaticallyredirectedto therenderserver. In a sense,a new
library is insertedbetweentheapplicationandthesystem's
OpenGLlibrary, asdepictedin Figure2. Oncetheapplica-
tion requestsa buffer swap, thecontentsof the framebuffer
is readandwritten to an XImage structure,which is sent
to the interactiondisplayvia a XPutImage request.User
interactionworks transparentlysinceeventsaretransported
betweentheinteractionX server andtherenderserver with-
out modi�cation. A moredetaileddescriptionof customiza-
tionsrequiredis providedin therestof thissection.

Figure 2: Systemarchitecture. (1) Theapplicationissuesa
GLX requestwhich is sendto therenderserver. (2) Theap-
plicationissuesOpenGLcalls,which arehandledbytheren-
der device. (3) Thelibrary readsthecontentsof the frame-
buffer and (4) sendsit to the interaction server using a
XPutImage request.(5) XEvent s are sentfromtheinter-
actionserverto theapplication.

4.1. Customizationsfor Xlib Functions

Whenever the applicationcalls XOpenDisplay to open
the interactiondisplay, the customversionof this function
opensit aswell asa secondoneon therenderhost.A Dis-
play structurepointingto therequesteddisplayis returned,
which ensuresthat the normaloperationof the programis
notdisrupted.Therenderdisplayis closedwhenthenumber
of calls to XCloseDisplay matchesthe numberof calls
to XOpenDisplay .

4.2. Customizationsfor GLX Functions

For mostGLX functionsthe only requiredchangeis redi-
rectingthe requestfrom the interactionserver to the render
server. Only a few functionshave to be treatedin a special
way. In this discussion,it is assumedthat the client is us-
ing GLX 1.2. For later versionsa similar implementation
applies.

glXChooseVisual is used to select a visual that
matchesthe attribute set speci�ed by the application.The
applicationis neitherrequiredto usethevisual returnedby
glXChooseVisual , nor is it preventedfrom calling it
multipletimes.ThevisualglXChooseVisual returnshas
to be valid on the interaction server, sinceit will be used
to createa widgetthere.Thecustomversionof thefunction
matchesvisualsacrossthetwo X serversandreturnsthebest
visual that is compatiblewith the given attributeset.In the
currentimplementationcolordepthis usedasthemetric,but
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this is not the optimal approachin the generalcase.If no
visual is found in theseconditions,it is up to the applica-
tion to copewith the situation.The attribute set passedto
glXChooseVisual is savedfor upcomingcallsof glX-
CreateContext .

Whenthelibrary createsa drawablefor rendering,it tries
to usein-hardwareoff-screenpreservedbuffers (calledpre-
servedPBuffers) andfalls backto regularwindows if these
are not available. PBuffers are preferredbecausethey are
not obscuredby other windows. The useof PBuffers has
to be speci�ed uponcontext creationusingglXCreate-
Context but thesizeof thePBuffer is speci�ed laterwith
a call to glXCreatePBuffer . This later call might fail
becauseof insuf�cient resources.Sincethe library cannot
obtainthesizeof thedrawablepreferredby theapplication
until glXMakeCurrent is called,a situationis possible
whereaPBuffer context is createdbut is laterunusable.This
situationcanbeavoidedby noticing that thevaluereturned
by glXCreateContext is a pointer to an opaquedata
type.This allows thelibrary to generateits own valuewhen
the applicationcalls glXCreateContext anddefer the
actualcreationof thecontext to themomentwhentheappli-
cationcallsglXMakeCurrent .

Whenthe applicationcalls glXSwapBuffers , buffers
are swapped,the renderedimage is read from the frame-
buffer andtransmittedto the interactionserver asan XIm-
age . The normal image transportmethod,XPutImage ,
incurs a high overheadbecausethe data is read from the
client'smemoryspaceandis copiedto theX servermemory
spacewhich hindersperformancesigni�cantly. If the MIT
SharedMemoryExtensionis available,XShmPutImage is
usedinstead.TheXShmextensioncannotbeusedif shared
memoryis not available,asit is normallythecasewhenthe
client and the server run on differenthosts.If the applica-
tion doesnot usedoublebuffering, it is necessaryto usea
heuristicto determinewhento sendtheimagesto theinter-
actionX server. A �rst approximationwould be to useone
of glXWaitGL , glFlush or glFinish , but in practice
this hasproven to work unreliably:several testedclientsdo
not issueglXWaitGL callsandothersissuetoo many syn-
chronizationcalls.

5. Discussion

5.1. Optimizations

Readingtherenderedimagesfrom theframebuffer andsend-
ing themover thenetwork areexpensive operationsandre-
ducethe maximumachievable frame ratesof the applica-
tions that usethe library. This is especiallyundesirablefor
interactiveapplicationswhereframeratesarelow evenwhen
run locally, e.g.volumerenderers.Readingthe framebuffer
canbe consideredan atomicoperationthat cannotbe opti-
mized.Therefore,framerateincreasesmustbeachievedby
optimizingimagetransmissionandgeneration.

Figure3: Systemarchitecture whenVNCis included

ThecoreX protocoldoesnot includeany form of image
compression.This hasbeenimplementedvia an extension
orientedtowardslow bandwidthenvironmentscalledLBX 5.
UsingLBX ona localareanetwork weexperiencedreduced
network traf�c but no performancegains.Anotherway of
obtainingstreamcompressionontopof X is VNC14. VNC is
afreemulti-platformclient-serverapplicationfor displaying
andinteractingwith remotedesktops.Theprotocolunderly-
ing VNC is only capableof sendingrectangularframebuffer
updatesto theclient.VNC providesa varietyof speci�cally
designedcompressionalgorithmsto make this transmission
asef�cient aspossible.TheUnix variantof theVNC server
is basedupona standardX server, which meansthaton the
onehandit cancommunicatewith clientsusingtheX pro-
tocol but on the otherhandthat it doesnot implementany
X protocolextensions,especiallyGLX. Figure3 shows how
VNC canbeusedwith our library. Giventhis con�guration
wemeasureda framerateincreaseof up to 70 percentwhen
comparedto the resultsmeasuredusingdisplayredirection
for imagetransmission.Still theexperimentsshow thatuse
of VNC's hextile is only advantageousif the imageto be
transmittedhaslargeareasof uniform color.

To take advantageto theVNC's hextile compressorchar-
acteristics,theimagecanbedownscaledto onefourth of its
original size and then it can be sent to the X server with
eachpixel quadrupled.This allows to hextile compressorto
achieve higherratiosbut compromisesimagequality. From
theuser's point of view, lossof imagequality might be ac-
ceptablewhile modifying thescene,but notwhile analyzing
the imageon the screen.To implementthis idea,a custom
versionof XNextEvent is suppliedwhich takes note of
mouseactivity in theOpenGLrenderingarea.Whenthein-
teractionstarts,downsampledimagesaresentto theserver
andonceit stops,a normal imageis sent.Figure 4 shows
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Figure 4: RemotevisualizationusingVNC for image com-
pressionand a web browseras VNC client. The effectsof
down-samplingcanbeseenin theupperimage.

a comparisonof imagequality using full andreducedres-
olution (seecolor plates).As long as the imagedoesnot
containareasof high frequency the imagequality is good
enoughfor normal interaction.Figure 5 shows a compari-
sonof compressionratiosusingthe VNC hextile compres-
sor. Thisapproachis still work in progresssinceabetterway
of detecting“userinteraction”hasto befound.

5.2. Results

The upperdiagramin Figure6 comparesthe library's per-
formancewith Brian Paul's GLX port of gearsover a Fast
Ethernetconnection.Theresultsareshown asa functionof
window dimensions(all windows hadthe samewidth and
height) for differenttransportmechanisms(X displayredi-
rectionandVNC). Theapplication's frameratein the local
caseis providedfor comparison.
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Figure 6: Measured frameratesfor “g ears” (upper plot)
anda volumerenderer (lower one)

The lower diagramshows the resultsof the samemea-
surementsusing a texture-basedvolume renderer13 and a
256 � 256 � 128volumedatasetof ananeurysm.Again the
frame ratesare shown for different transportmechanisms
andseveral window dimensions.In addition,a characteris-
tic for the frameratewhenusingreducedresolutionduring
objectmovementis shown.

As canbeseenframeratesusingour framework arequite
acceptablefor CPU-boundapplicationsbut drop sharply
whenappliedto an applicationswith high communication
demands.This suggeststhattheframesratesmainly depend
on thebandwidthof theavailablenetwork.

Therenderserver thatwasusedfor all measurementswas
equippedwith a900MHz AMD AthlonCPU,256MB RAM
anda GeForce2 from NVIDIA. The interactionserver was
equippedwith a 1.2 GHz AMD Athlon CPU,but sincethe

c
�

TheEurographicsAssociation2002.



Stegmaier, Magallón,andErtl / A GenericSolutionforHardware-AcceleratedRemoteVisualization

interactionserver wasrarelyoperatedat morethanhalf ca-
pacity a much slower processorwould also have suf�ced.
Both systemswererunninga Linux 2.4.10Kernelandwere
connectedusing100MbpsFastEthernet.

For theVNC experimentswe usedVNC 3.3.3r1andthe
VNC nativeviewer(insteadof awebbrowser)for displaying
therenderedimage.Theviewerwasrunwith theVNC stan-
darddataencodings(hextile andcopyrect ) enabled.
In addition,the option -truecolor to requesttrue color
visualswas speci�ed. Accordingly, to provide the desired
color values,theVNC server wasrun usinga color depthof
24bits.Deferredupdatesweredisabled.

Theframeratesreportedin thissectionaretheframerates
asreportedby the applicationson the renderserver. Using
VNC theseframeratesdonotexactlymatchthosemeasured
by theinteractionserver, but sincetheerroris verysmall(the
framelossis about0.1percentat600fpsandzeroat20 fps)
validity of theresultscanstill beassumed.

In conjunctionwith VNC, the library permitsremotevi-
sualizationanduserinteractionon a pocket PC (Figure 7,
see color plates).Using the well-known engine data set
(256 � 256 � 110 voxels) we measuredabout3 fps during
with 8 bit colors and an image size of about 120 pixels
squared.

5.3. Limitations

Our approachis not as generallyapplicableas we would
have liked it to be. The �rst problemis that visualshave
to be matchedacrossX serverswith potentially incompat-
ible setsof visuals.An X server that doesnot supportthe
GLX extensionwill not presentasmany visualsto the ap-
plicationsasonethatdoes.WhentheGLX extensionis not
present,eachvisualhasa class(e.g.director truecolor)and
a color depth.The GLX extensionaddspropertiessuchas
bits per pixel for the framebuffer andthe ancillary buffers.
If the applicationrelieson glXChooseVisual to select
the visual it will use,thereis no problem.Sincethe appli-
cation is not awareof the existenceof the renderX server
whenit triesto studythepropertieson eachof theavailable
visuals,our library hasto decidewhich subsetof visualson
therenderserver it will presentto theapplication.Whenus-
ing VNC theproblembecomesmoreevident,sincetheVNC
serverpresentsonly onevisualto theapplication.Thisprob-
lem canbesolvedby telling thelibrary explicitly which vi-
sualsto use.In any case,this only emphasizesthe fact that
our library usestheGLX API for somethingthat is not part
of its designandtheremight belegalusesof theAPI which
we have notconsidered.

Thesecondproblemis the relianceon theavailability of
dynamiclinking. SomeUnix variantsprovide only a sub-
set of the requiredfeatures,in particularthey lack library
preloading.Even without this feature,it is still possibleto
implementthe functionality by providing a customversion

Figure7: Interactionwith a volumedataseton a pocket PC
connectedto the renderservervia 11 MbpswirelessLAN.
Ascanbeseenin thebackground,therenderserverdisplays
onlytheGLXdrawableandnotanyof theapplication'swid-
gets.

of theOpenGLlibrary thatusesdlopen to link to thesys-
tem's versionof it. This introducestheoverheadof oneex-
tra functioncall perOpenGLfunction.Anothersolution,in
casea dlopen -like interfacedoesnot exist at all, couldbe
implementedasa proxy for the X server. It would have to
decodethe X stream,extract the GLX commandsout of it
and reencodethe remainingones.Therewould be a mea-
surableoverheadassociatedwith this, mostly becausethe
streamwould have to bekeptin a consistentstate.

Even when using VNC, there is a major performance
degradationbecauseof the requirednetwork bandwidth,as
wediscussedbefore.

ThestandardVNC appletclientquantizescolorsto 8 bits,
whichproducesartifactsasseenin �gure 8 (seecolorplates).
The shown applicationusesthe terrain visualizationalgo-
rithm from Röttgeret al15.

Securityis alsoa problem.For this approachto work, the
X connectionto the renderserver hasto beauthorized.For
practicalpurposes,thismeanseitherthatusersaretrustedor
thatexclusive useof theremotedisplayis granted.Standard
authenticationfeaturesof modernUnix variantscanbeused
orextensionsto theX securitymechanismscanbedeveloped
to overcomethis problem,but it is not completelysolvable
sincethegranularityof theX securitymodelis coarse.This
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Figure 8: Remoteterrain visualization.Theeffectsof color
quantizationcanbeseenin theupperimage.

problemhasto be handledvia site policy. Similarly, con-
nectionsfrom X server to X server, or betweenthe VNC
client andserver arenot encryptedandaresubjectto eaves-
dropping.Possiblemethodsto solve this includetheuseof
technologiessuchasIPsecandSSH.

6. Conclusions

In this paperwe proposea genericsolution for hardware-
acceleratedremote visualization. The presentedlibrary
serves the visualizationcommunity in two ways. First, it
shows thatany OpenGLapplicationcanbeusedfor remote
visualization—whethersourcecode is provided or not—
as long as the requiredvisualscanbe matched.Second,it
demonstrateshow cross-platformremotevisualizationcan
be donewithout the needto re-invent suitableimagetrans-
missionandcompressionalgorithms.Bearingin mind that
frameratesarelimited by network bandwidth,weexpectour
solutionto becomeevenmoresigni�cant assoonasmodern
high-speedinterconnects�nd theirway into ourdaily life.

Acknowledgements

We would like to thankKlaus Engel for providing us with
a volumerenderingapplicationandaccessto a pocket PC
which served as test bed for our framework and Stefan
Röttgerfor makingavailablehis terrain renderingapplica-
tion to us.

References

1. WesBethel.Visualizatondotcom.ComputerGraphics
andApplications, 20(3):17–20,May/June2000. 1, 2

2. K. EngelandT. Ertl. Texture-basedVolumeVisualiza-
tion for Multiple Userson the World Wide Web. In
Gervautz,M. andHildebrand,A. andSchmalstieg, D.,
editor, Virtual Environments'99, pages115–124.Euro-
graphics,Springer,1999. 1, 2

3. K. Engel,P. Hastreiter, B. Tomandl,K. Eberhardt,and
T. Ertl. CombiningLocal and RemoteVisualization
Techniquesfor Interactive VolumeRenderingin Med-
ical Applications. In Procceedingsof IEEE Visualiza-
tion '00, pages449–452.IEEE,2000. 1, 2

4. K. Engel, O. Sommer, and T. Ertl. A Framework
for Interactive Hardware AcceleratedRemote 3D-
Visualization. In Proceedingsof EG/IEEE TCVG
Symposiumon VisualizationVisSym'00, pages167–
177,291,May 2000. 1

5. Jim Fulton andChris Kent Kantarjiev. An updateon
low bandwidthX (LBX). In TheX Resource, number5,
pages251–266,January1993. 4

6. W. W. Ho andR. A. Olsson. An approachto genuine
dynamiclinking. Software, Practiceand Experience,
21(4):375–390,1991. 1, 3

7. Mark J.Kilgard. ProgrammingOpenGLfor theX Win-
dowSystem. Addison-Wesley, 1996. 2

8. Mark J.Kilgard,David Blythe,andDeannaHohn.Sys-
temsupportfor OpenGLdirectrendering.In WayneA.
Davis andPrzemyslaw Prusinkiewicz, editors,Graph-
ics Interface '95, pages116–127.CanadianHuman-
ComputerCommunicationsSociety, 1995. 2

9. H. Lu. ELF: From the programmer's perspective,
1995. ftp://tsx-11.mit.edu/pub/linux/packages/GCC/
ELF.doc.tar.gz. 3

10. Kwan-LiuMa andDavid M. Camp.High performance
visualizationof time-varyingvolumedataover a wide-
areanetwork status.In Supercomputing, 2000. 1, 2

11. M. Magallón,M. Hopf, andT. Ertl. Parallel Volume
Renderingusing PC GraphicsHardware. In Paci�c
Conferenceon ComputerGraphicsand Applications,
pages384–389,2001. 1

12. Adrian Nye, editor. Volume0: X Protocol Reference
Manual. X Window SystemSeries.O'Reilly & Asso-
ciates,4th edition,January1995. 2

13. C. Rezk-Salama,K. Engel,M. Bauer, G. Greiner, and
T. Ertl. Interactive VolumeRenderingon StandardPC
GraphicsHardware Using Multi-Textures and Multi-
Stage-Rasterization. In Eurographics / SIGGRAPH
Workshop on Graphics Hardware '00, pages109–

c
�

TheEurographicsAssociation2002.



Stegmaier, Magallón,andErtl / A GenericSolutionforHardware-AcceleratedRemoteVisualization

118,147.Addison-Wesley PublishingCompany, Inc.,
2000. 5

14. Tristan Richardson, Quentin Stafford-Fraser, Ken-
neth R. Wood, and Andy Hopper. Virtual Network
Computing. IEEE Internet Computing, 2(1):33–38,
1998. 4

15. S.Röttger, W. Heidrich,Ph.Slusallek,andH.-P. Seidel.
Real-Time Generationof ContinuousLevels of Detail
for HeightFields.In Procceedingsof WSCG'98, pages
315–322,1998. 6

16. Silicon Graphics, Inc. Vizserver, November 2001.
http://www.sgi.com/software/vizserver/. 2

17. Paula Womack and Jon Leech. OpenGL graph-
ics with the X Window System,version 1.3, 1998.
http://www.opengl.org/. 2

c
�

TheEurographicsAssociation2002.



Stegmaier, Magallón,andErtl / A GenericSolutionforHardware-AcceleratedRemoteVisualization

Figure 4: RemotevisualizationusingVNC for image compressionand a webbrowseras VNC client. Theeffectsof down-
samplingcanbeseenin theleft image.

Figure 7: Interactionwith a volumedataseton a pocket
PC connectedto therenderservervia 11 Mbpswireless
LAN.Ascanbeseenin thebackground,therenderserver
displaysonly theGLXdrawableandnotanyof theappli-
cation's widgets.

Figure 8: Remoteterrain visualization.The effects of
color quantizationcanbeseenin theupperimage.
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