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Abstract

Thispaperpresents genericsolutionfor hardware-acceleatedremotevisualizationthat workstranspaently for
all OpenGL-basedpplicationsandOpenGL-basedcengyraphs.Universality is achievedby takingadvantae of
dynamidinking, ef cient datatransferby meanfVNC.Theproposedsolutiondoesnotrequire anymodi cations
of existingapplicationsand allows for remotevisualizationwith differenthardware architectuesinvolvedin the
visualizationprocessThelibrary's performances evaluatedusingstandad OpenGLexampleprogramsand by

volumerenderingsubstantiadatasets.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.1 [Computer Graphics]: Distributed/netvark
graphicsC.2.4[DistributedSystems]Distributedapplications

1. Intr oduction

Scienti ¢ simulationgendto producesver-groving amounts
of data.Analyzing thesedataon the researches local host
poseswo problems:rst, local analysisis impossibleif the
resourcesieededo visualizethe dataexceedthelocal hard-
ware capabilities;second,transferringthe data eachtime

new simulationdatais availableis tediousif the network-

bandwidthis low. Theseproblemdeadto anincreasednter-

estin remotevisualization.

The commonapproachfor remotevisualizationemplo/s
theOpenGLremoterenderingfacilities.In thisapproachhe
applicationis run remotelywhile the local hostdoesthe ac-
tual rendering This solutionis application-independeraind
thereforevery popular but it doesnot bene t from special
graphicshardvwarefeaturesavailableatthe remotehostsuch
as 3D texturesand large amountsof texture memory As a
concreteexample,in the systempresentedy Magallonet
al'1, aclusterof Linux PCsequippedwith graphicsacceler
atorsrendersand composesmageswhich are presentedo
the user In this situation,traditional OpenGLremoteren-
dering performspoorly becauseof the high bandwidthre-
quirementsit imposeson the network betweenthe cluster
andthe users workstation.Several solutionsto tackle this
shortcominghave beendeveloped(e.g.,Bethel, Engef 4 2,
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Mal®, amongothers),but all of theselack applicationor ar-
chitectureindependence.

In mostcaseggenericsolutionsperformworsethanspe-
ci ¢ solutionsfor thesameproblem,sowhy shouldonecare
aboutuniversality?Speci ¢ solutionsrequirethe program-
merto know the internalworkings of the applicationto be
adapted.This often requiressourcecode availability, thus
commercialapplicationsdo not comeinto questionfor spe-
ci ¢ solutions.And evenif the sourceis available,it may
behardfor a programmeto modify anapplicationoriginaly
implementedy someonelse.Soin this casefoo,ageneric
solutionmight be preferable.

For thesereasonghis paperpresentsan application-and
architecture-independesblution for hardware-accelerated
remotevisualization It is basedaroundthewell known con-
ceptof dynamiclinking® and exploits characteristicef the
X Window Systenandits associategrotocol. Theideais to
redirectOpenGLrenderingrequestgo the hardware where
the programis running.Oncethe renderingis done,the re-
sulting imageis readoff the frameluffer and sentover the
network to the displaytogethemith all otherGUI elements.
Sinceall the OpenGLrenderinghappen®n the remotedis-
play, it is possibleto usean existing OpenGL-base@ppli-
cationwithoutrequiringthe availability of OpenGL-capable
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hardwarelocally, while takingadvantageof advancedgraph-
ics featuresaswell ashardware acceleratiorby the remote
hardware.For example,this solutioncanbe usedto provide
remoteaccesso distributedrenderingacilitiessuchasthose
presentechy Magallén et al. By leveragingalreadyexist-
ing remote-accesapplications,our proposedsolution also
malkes it possibleto accesgemotevisualizationresources
from operatingervironmentsthatdo not provide implemen-
tationsfor therequiredprotocolsby default.

Therestof this paperis organizedasfollows: rst, other
solutionsfor remoteaccessof graphicshardware are an-
alyzed;then the necessarnpackgroundregarding dynamic
linking andOpenGLrenderinds visited; afterwards,thear
chitectureof our solutionis explained;in the last part, our
resultsarepresented.

2. Previous Work

Silicon Graphicsinc. providesacommerciakolutioncalled
OpenGLVizSenert$, that enabledightweight clientssuch
asO, andPCworkstationgo accessherenderingcapabili-
tiesof SGIOnyx seners.Becausef designdecisionspther
architecturesannotbe usedassenersfor this application.
Similarly to our solution, the VizSener relies on dynami-
cally linked executablesn orderto be ableto implementits
functionalitywithout modifying the targetapplication.

Ma and Camp? developeda solutionfor remotevisual-
ization of time-varying dataover wide areanetworks. It in-
volvesadedicatedlisplaydaemoranddisplayinterfaceand
displaydaemonThe rst recevesdatafrom arenderpro-
cess,compresse# and passedt to the second,which in
turn decompressethe dataand presentst to the user By
using a customtransportmethod,they are ableto emplgy
arbitrary compressiortechniquesBethel presentedVisa-
pult, a prototypesystemdevelopedat LawrenceBerkeley
National Laboratorythat combinesminimized datatrans-
fersandworkstation-accelerata@nderingVisapultalsore-
quiresmodi cations of the applicationin orderto male it
“network aware” andreliesto someextent on the existence
of hardware graphicsacceleratioron the local display En-
gel andErtl2 developeda solutionfor remotecollaboratve
volume visualizationwhich exploits the characteristicof
theapplicationdomainto reducdateng aswell asrequired
network bandwidth.Engelet a further developedthis ap-
proachandimplementeda hybrid renderingmechanisnto
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 thatit addresse&LX and X requestgo two dif-
ferentX senersandutilizesthe VNC (virtual network com-
puting) client-serer infrastructurefor imagetransmission.
Basedontheavailableinformation,the solutionseemso be
restrictecto Openlnventor

Remote Application Local Application

OpenGL/GLX
Device
Dependent
OpenGL Renderer

—i OpenGL/GLX
Xlib

Xlib

Device
Dependent
OpenGL Renderer

X Renderer

X Server

Figure 1: GLX architectue aspresentedy Kilgard’

3. Background
3.1. OpenGL Graphics with the X Window System

GLX17is anextensionto the X protocol? thatallows clients
to createa so-called“GLX contet” which can be used
to issueOpenGLcalls that can be executedusing either a
hardware-acceleratetenderingengineor a software-based
one.By sittingontop of X, network transparengis obtained
for free. A GLX contet canoperaten eitherdirector indi-
rectmode.In indirectmode,the client sendsequestgo the
X sener which propagateshemto the hardware.In direct
mode,the X seneronly functionsasa marshamakingsure
thatthe OpenGLstateof eachclientis keptconsistentSince
the X protocolis bypassedn directmode,OpenGLrender
ing canachieve themaximumperformancef thehardwvare®.
Direct renderingimplies that the processs running on the
samemachineasthe X sener andnot over the network. In
thecaseof remoterenderingonly indirectmodeis possible,
if atall. Figurel shavs bothcases.

3.2. Dynamic Linking

In modernsystems programmersave the choice of stat-
ically or dynamicallylinking programsduring compilation.
In staticlinking, all theobjectreferencesf aprogramarere-
solvedduringthelink phaseof the compilation.In contrast,
with dynamiclinking, theexecutablele containgeferences
to, but not the actualcodeof the requiredlibrary functions.
In this case,symbol resolutionis carried out during load-
time. The dynamiclinker is in chage of nding theseref-
erencesn the executableandresolvingthemusinga list of
shaed objectnameqlibraries)thatthe executablecontains.
Oneof the adwantageof load-timelinking is thatit facili-
tatescodereusejt simpli es thetaskof xing bugsandre-
ducesthe memoryrequirementsmposedon systemssince
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codepagesanbe sharecamongunrelatedorocesseBYy its
very nature,it also enablesusersto replacelibraries with
customversionsdesignedo modify the behaior of a pro-
gram.Theonly requirementn this casels to keepthe appli-
cationbinaryinterfacesunmodi ed. Sincere-implementing
all theinterfacef alibrary canbecumbersomandtedious,
somesystemsoffer the possibility to load arbitrarylists of
sharedbbjectscodebeforetherequiredlibrariesareloaded,
with the purposeof selectively overriding functionsin other
sharedbjects.This processs calledpreloading As will be
explainedlater, this simpli es theimplementatiorof our so-
lution.

In additionto load-timelinking, it is alsopossibleto per
form runtimelinking, as rst describecby Ho and Olssor§
and later explained in the Linux/GCC caseby Lu®. In
this approachadditionalobjectscanbe openedat run-time
and symbolscan be selectvely addedto the running pro-
gram. The most widely usedinterface for this purposeis
dlopen(3) , available on systemssuchas IRIX, Linux,
andSolaris,amongothers.This canbe used,in concurrence
with the preloadingfeaturementionedbefore,to wrap code
aroundthe original library functions: rst the function is
overriddenusingpreloadingthenits original codeis recov-
eredusingdynamiclinking andit is usedby the customized
versionof the function to provide the original behaior if
necessary

4. Implementation

By taking advantageof the dynamiclinking facilities ex-

plainedabore, it is possibleto modify the behaior of ary

given programfor the X Window Systemwithout changing
its sourcecodeor thatof thelibrariesit usesIn ourapproach,
therearetwo X senersinvolved:onethatsupportsGLX and
a secondone, which takes careof the userinteraction,and
which doesnot necessarilysupportGLX. In the following

discussionthe rst X senerwill becalledrenderserverand
the secondonetheinteraction server Display will be used
in thesameway the X Window Systemde nesit.

The applicationis startedlocally to the rendersener but
its environmentis con guredto have it displayedon thein-
teractionsener. It is loadedin sucha way that a custom
versionof every GLX functionis usedwhosejob is to redi-
rectGLX requestdo therendersener. Sincethe displayis
partof the GLX contet's propertiesOpenGLcalls areau-
tomaticallyredirectedo therendersener. In a senseanew
library is insertedbetweenthe applicationandthe systems
OpenGLlibrary, asdepictedin Figure2. Oncethe applica-
tion requestsa buffer swap, the contentsof the framehuffer
is readand written to an XImage structure,which is sent
to the interactiondisplayvia a XPutimage requestUser
interactionworks transparentlsinceeventsaretransported
betweertheinteractionX senerandtherendersener with-
out modi cation. A moredetaileddescriptionof customiza-
tionsrequiredis providedin therestof this section.
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Figure 2: Systenarchitectue. (1) Theapplicationissuesa
GLXrequestwhich is sendto therenderserver (2) Theap-
plicationissue®OpenGLcalls,which are handledbytheren-
der device (3) Thelibrary readsthe contentsof 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

Wheneer the applicationcalls XOpenDisplay to open
the interactiondisplay the customversionof this function
openst aswell asa seconcneontherenderhost.A Dis-
play structurepointingto therequestedlisplayis returned,
which ensureghat the normal operationof the programis
notdisrupted Therenderdisplayis closedwhenthe number
of callsto XCloseDisplay = matcheshe numberof calls
to XOpenDisplay

4.2. Customizationsfor GLX Functions

For mostGLX functionsthe only requiredchangeis redi-
rectingthe requestrom the interactionsener to the render
sener. Only a few functionshave to be treatedin a special
way. In this discussionjt is assumedhat the client is us-
ing GLX 1.2. For later versionsa similar implementation
applies.

gIXChooseVisual is usedto selecta visual that
matchesthe attribute set speci ed by the application.The
applicationis neitherrequiredto usethe visual returnedby
gIXChooseVisual , nor is it preventedfrom calling it
multipletimes.ThevisualgIXChooseVisual  returnshas
to be valid on the interaction server sinceit will be used
to createawidgetthere.The customversionof the function
matchewisualsacrosghetwo X senersandreturnsthebest
visualthatis compatiblewith the given attribute set.In the
currentimplementatiorcolor depthis usedasthemetric,but
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this is not the optimal approachin the generalcase.lf no
visual is found in theseconditions,it is up to the applica-
tion to copewith the situation. The attribute set passedo
gIXChooseVisual is saredfor upcomingcalls of gIX-
CreateContext

Whenthelibrary createsa dravablefor renderingjt tries
to usein-hardware off-screenpresered buffers (called pre-
servedPBufers) andfalls backto regularwindows if these
are not available. PBuffers are preferredbecausethey are
not obscuredby otherwindows. The use of PBuffers has
to be speci ed upon context creationusing giXCreate-
Context but the sizeof the PBuffer is speci ed laterwith
a call to gIXCreatePBuffer . This later call might fail
becauseof insufcient resourcesSincethe library cannot
obtainthe size of the dravable preferredby the application
until gIXMakeCurrent is called, a situationis possible
wherea PBuffer context is createdbut is laterunusableThis
situationcanbe avoidedby noticing thatthe valuereturned
by glXCreateContext is a pointerto an opaguedata
type.This allows thelibrary to generatets own valuewhen
the applicationcalls gIXCreateContext and deferthe
actualcreationof the contet to themomentwhenthe appli-
cationcallsglXMakeCurrent

Whenthe applicationcalls gIXSwapBuffers , buffers
are swapped,the renderedimageis readfrom the frame-
buffer andtransmittedto the interactionsener asan Xim-
age. The normal image transportmethod, XPutimage ,
incurs a high overheadbecausehe datais read from the
client'smemoryspaceandis copiedto the X sernermemory
spacewhich hindersperformancesigni cantly. If the MIT
Sharedviemory Extensionis available, XShmPutimage is
usedinstead The XShm extensioncannotbe usedif shared
memoryis not available,asit is normallythe casewhenthe
client andthe sener run on differenthosts.If the applica-
tion doesnot usedoublebuffering, it is necessaryo usea
heuristicto determinewhento sendtheimagesto theinter
actionX sener. A rst approximatiorwould be to useone
of gIXWaitGL , glFlush  or glFinish , butin practice
this hasprovento work unreliably:several testedclientsdo
notissueglXWaitGL callsandothersissuetoo mary syn-
chronizationcalls.

5. Discussion
5.1. Optimizations

Readingherenderedmagedrom theframehuffer andsend-
ing themover the network areexpensve operationsandre-
ducethe maximum achiezable frame ratesof the applica-
tions that usethe library. This is especiallyundesirableor
interactve applicationsvhereframeratesarelow evenwhen
run locally, e.g.volumerenderersReadingthe frametuffer
canbe considerechn atomic operationthat cannotbe opti-
mized.Therefore framerateincreasesnustbe achieved by
optimizingimagetransmissiorandgeneration.
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Figure 3: Systenarchitectue whenVNCis included

ThecoreX protocoldoesnotincludeary form of image
compressionThis hasbeenimplementedvia an extension
orientedtowardslow bandwidthenvironmentscalledLBX5.
UsingLBX onalocal areanetwork we experiencededuced
network trafc but no performancegains. Anotherway of
obtainingstreamcompressiomntop of X is VNC14. VNC is
afreemulti-platformclient-senrer applicationfor displaying
andinteractingwith remotedesktopsThe protocolunderly-
ing VNC is only capableof sendingrectangulaframetuffer
updatego theclient. VNC providesa variety of speci cally
designeccompressioralgorithmsto malke this transmission
asefcient aspossible The Unix variantof the VNC sener
is basedupona standardX sener, which meanshaton the
onehandit cancommunicatewith clientsusingthe X pro-
tocol but on the otherhandthatit doesnot implementary
X protocolextensionsespeciallyGLX. Figure3 shavs how
VNC canbe usedwith our library. Giventhis con guration
we measured framerateincreaseof up to 70 percentwhen
comparedo the resultsmeasuredisingdisplay redirection
for imagetransmissionStill the experimentsshav thatuse
of VNC's hextile is only advantageousf the imageto be
transmittechaslargeareasof uniform color.

To take adwantageto the VNC's hextile compressochar
acteristicstheimagecanbe downscaledo onefourth of its
original size and thenit can be sentto the X sener with
eachpixel quadrupledThis allows to hextile compressoto
achieve higherratiosbut compromisesmagequality. From
the users point of view, lossof imagequality might be ac-
ceptablevhile modifying the scenebut notwhile analyzing
the imageon the screen.To implementthis idea,a custom
versionof XNextEvent is suppliedwhich takes note of
mouseactiity in the OpenGLrenderingarea.Whenthein-
teractionstarts,dovnsampledmagesare sentto the sener
andonceit stops,a normalimageis sent.Figure 4 shavs
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Figure 4: Remotevisualizationusing VNC for image com-
pressionand a web browseras VNC client. The effects of
down-samplinganbeseenin theupperimage.

a comparisornof image quality usingfull andreducedres-
olution (seecolor plates).As long as the image doesnot
containareasof high frequeng the imagequality is good
enoughfor normalinteraction.Figure 5 shavs a compari-
sonof compressiorratiosusingthe VNC hextile compres-
sor. Thisapproactis still work in progressinceabetterway
of detecting‘userinteraction”hasto be found.

5.2. Results

The upperdiagramin Figure 6 comparesghe library's per
formancewith Brian Paul's GLX port of gearsover a Fast
EthernetconnectionThe resultsareshavn asa function of
window dimensiong(all windows hadthe samewidth and
height)for differenttransportmechanismgX display redi-
rectionandVNC). The applications frameratein thelocal
caseis providedfor comparison.
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Figure 6: Measued frameratesfor “gears” (upper plot)
anda volumerendeer (lowerone)

The lower diagramshaws the resultsof the samemea-
surementausing a texture-basedvolume rendere¥® and a
256 256 128volumedatasetof ananeurysmAgainthe
frame ratesare shaovn for different transportmechanisms
andseveral window dimensionsln addition,a characteris-
tic for the frameratewhenusingreducedesolutionduring
objectmovementis shovn.

As canbeseenframeratesusingour framavork arequite
acceptablefor CPU-boundapplicationsbut drop sharply
when appliedto an applicationswith high communication
demandsThis suggestshatthe framesratesmainly depend
onthebandwidthof the availablenetwork.

Therendersenerthatwasusedfor all measurementsas
equippedvitha900MHz AMD Athlon CPU,256MB RAM
anda GeForce2 from NVIDIA. Theinteractionsener was
equippedwith a 1.2 GHz AMD Athlon CPU, but sincethe
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interactionsener wasrarely operatedat morethanhalf ca-
pacity a much slower processomould also have sufced.

Both systemsawvererunninga Linux 2.4.10Kernelandwere
connectedising100 Mbps FastEthernet.

For the VNC experimentswe usedVNC 3.3.3rlandthe
VNC native viewer (insteadof awebbrowser)for displaying
therenderedmage.Theviewerwasrunwith the VNC stan-
darddataencodingghextile  andcopyrect ) enabled.
In addition, the option -truecolor to requestrue color
visualswas speci ed. Accordingly to provide the desired
colorvaluesthe VNC senerwasrun usinga color depthof
24 bits. Deferredupdatesveredisabled.

Theframeratesreportedn this sectionaretheframerates
asreportedby the applicationson the rendersener. Using
VNC theseframeratesdo not exactly matchthosemeasured
by theinteractionsener, but sincetheerroris very small(the
framelossis about0.1 percentat 600fps andzeroat 20 fps)
validity of theresultscanstill beassumed.

In conjunctionwith VNC, the library permitsremotevi-
sualizationand userinteractionon a poclket PC (Figure 7,
see color plates). Using the well-known engine data set
(256 256 110voxels)we measuredhbout3 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 visuals have
to be matchedacrossX senerswith potentiallyincompat-
ible setsof visuals.An X sener that doesnot supportthe
GLX extensionwill not presentasmary visualsto the ap-
plicationsasonethatdoes.Whenthe GLX extensionis not
presenteachvisualhasaclass(e.g.director truecolor)and
a color depth.The GLX extensionaddspropertiessuchas
bits per pixel for the frameluffer andthe ancillary buffers.
If the applicationrelieson gIXChooseVisual  to select
the visual it will use,thereis no problem.Sincethe appli-
cationis not aware of the existenceof the renderX sener
whenit triesto studythe propertieson eachof the available
visuals,our library hasto decidewhich subsebf visualson
therendersenerit will presento theapplication.Whenus-
ing VNC theproblembecomesnoreevident,sincethe VNC

senerpresent®nly onevisualto theapplication.This prob-
lem canbe solved by telling thelibrary explicitly which vi-

sualsto use.In ary case this only emphasizethe factthat
our library usesthe GLX API for somethinghatis not part
of its designandtheremight belegal usesof the API which
we have not considered.

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

Figure 7: Interactionwith a volumedataseton a podket PC
connectedo the renderservervia 11 MbpswirelessLAN.
Ascanbeseenin thebadground,therenderserverdisplays
onlythe GLX drawableandnotanyof theapplication’s wid-
gets.

of the OpenGLlibrary thatusesdlopen to link to the sys-
tem's versionof it. This introduceshe overheadof oneex-
trafunction call per OpenGLfunction. Anothersolution,in
caseadlopen -likeinterfacedoesnot exist atall, couldbe
implementedasa proxy for the X sener. It would have to
decodethe X stream,extractthe GLX commandut of it
andreencodethe remainingones.Therewould be a mea-
surableoverheadassociatedwith this, mostly becausehe
streamwould have to be keptin a consistenstate.

Even when using VNC, thereis a major performance
degradationbecausef the requirednetwork bandwidth,as
we discussedbefore.

Thestandard/NC appletclientquantizesolorsto 8 bits,
whichproducesrtifactsasseernin gure 8 (seecolorplates).
The shavn applicationusesthe terrain visualizationalgo-
rithm from Réttgeret al*s.

Securityis alsoa problem.For this approacho work, the
X connectiorto the rendersener hasto be authorized For
practicalpurposesthis meanseitherthatusersaretrustedor
thatexclusive useof theremotedisplayis granted Standard
authenticatiorfeaturesof modernUnix variantscanbeused
orextensiongo theX securitymechanismsanbedeveloped
to overcomethis problem,but it is not completelysolvable
sincethe granularityof the X securitymodelis coarseThis
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Figure 8: Remoteerrain visualization.The effectsof color
guantizationcanbe seenin the upperimage.

problemhasto be handledvia site policy. Similarly, con-
nectionsfrom X sener to X sener, or betweenthe VNC
clientandsener arenot encryptedandaresubjectto eases-
dropping.Possiblemethodsto solwe this includethe useof
technologiesuchasIPsecandSSH.

6. Conclusions

In this paperwe proposea genericsolution for hardware-
acceleratedremote visualization. The presentedlibrary
senes the visualizationcommunity in two ways. First, it
shaws thatany OpenGLapplicationcanbe usedfor remote
visualization—whethersourcecode is provided or not—
aslong asthe requiredvisualscan be matched.Second,it
demonstratesion cross-platformremotevisualizationcan
be donewithout the needto re-irvent suitableimagetrans-
missionand compressioralgorithms.Bearingin mind that
frameratesarelimited by network bandwidth we expectour
solutionto becomesvenmoresigni cant assoonasmodern
high-speednterconnectsnd theirway into our daily life.
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Figure 4: Remotevisualizationusing VNC for image compessionand a web browseras VNC client. The effectsof down-
samplingcanbeseenin theleftimage.

Figure 7: Interaction with a volumedataseton a podet Figure 8: Remoteterrain visualization. The effects of
PC connectedo therenderservervia 11 Mbpswireless color quantizationcanbe seenin the upperimage.
LAN.Ascanbeseernin thebadground,therenderserver

displaysonly the GLX drawableandnotanyof theappli-

cation's widgets.
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