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ABSTRACT

Active stereohasbeenusedby engineersand industrial design-
ers for several yearsto enhancethe perceptionof computergen-
eratedthree-dimensionalimages. Unfortunately, active stereore-
quiresspecializedhardware. Therefore,asubiquitouscomputing
and teleworking gain importance,using active stereobecomesa
problem. The goal of this casestudy is to examinethe concept
of agenericlibrary for polychromaticpassivestereoto makestereo
visionavailableeverywhere.

CR Categories: I.3.2 [ComputerGraphics]:GraphicsSystems—
Distributed/network graphics; I.3.3 [Computer Graphics]: Pic-
ture/ImageGeneration—Viewing algorithms

Keywords: StereoGraphics,OpenGL,Preloading

1 INTRODUCTION

The use of stereoscopictechniquesto enhanceperceptiondates
back to 1832, when Charles Wheatstoneproved that the ef-
fect of three-dimensionalvision could be reproducedby placing
two slightly different drawings side-by-sideand looking at them
throughasystemof mirrorsandprisms.

More thana hundredyearslater, in thelate1960s,stereograph-
ics foundits wayinto computergraphics.At thattime,high-quality
stereowasonly availablein environmentsthatcouldbearthehigh
costsof stereoequipment.A constantincreasein theperformance
of consumergraphicsboardsduringthelastyearshaschangedthis
andactivestereousingasingleprojectiondeviceandshutterglasses
is now a standardtechnologythat is affordablefor everyone.Still,
active stereorequiressophisticatedtechnologythat is not available
for everyworkplace,especiallyportabledisplaydevices.However,
ubiquitouscomputingis gaining importance,so solutionsare re-
quiredthatenablealsothesedevicesto displaystereoscopicimages.

Thiscasestudydiscussestheconceptof usingagenericlow-cost
softwaresolutionto solve this problem. The solutionis provided
by meansof a preloadlibrary which enablesmostOpenGLbased
applicationsto displayhigh-qualitypolychromaticpassive stereo.
With the presentedsolutionno modi�cations of any kind arenec-
essaryto convert a monoscopicapplicationto a stereoscopicappli-
cation. This allows us to includesoftwarepackagesin our study,
whichwedonotevenhavesourcecodefor.

Our casestudyis organizedasfollows: Section2 comparesthe
different techniquesfor generatingstereoimagesusingexamples
of softwareandhardwaresolutionsdevelopedby otherresearchers
andjusti�es our interestin passive stereo.Section3 givesanintro-
ductionto the techniqueof preloadingthat is usedfor our library.
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This knowledgeis indispensablefor understandingthedescription
of the library's architecturefollowing in Section4. Finally, results
and experienceswith sampleOpenGL programsand real-world
commercialsoftwarepackagesfor �o w visualizationand�nite ele-
mentcrashsimulationsarereportedin Section5.

2 RELATED WORK

Weevaluatedseveralstereoscopictechniques,whichhavebeende-
velopedpreviously. It turnedout that most of them fail to meet
someor all of ourcriteria:noneedfor specializedhardware,multi-
color images,andportability.

Solutionsfor active stereo,alsousedin high-endVR environ-
ments,aremostly hardwarebasedandrequirespecialdrivers[6].
Somesoftwaretricks [1] allow to circumvent the needfor special
drivers,providing supportfor a minor subsetof shutterglasses.In
any case,synchronizationproblemshave to be dealt with or ac-
tive stereodoesnot work at all. In addition,thereis currentlyno
Pocket PCthatprovidesthehardwarecapabilitiesrequiredfor ac-
tivestereo.

On the otherhand,passive stereousing�lter glassesworks on
all systems. One commontechniqueis basedon polarizedlight
[4]. However, polarizedlight would contradictour requirementfor
apervasiveusageand,therefore,wasdropped.

Anothersolutionis ChromaDepth[2], but this is dif�cult to im-
plementwithout having accessto the sourcecodeof the applica-
tion andrequiresthealteringof thescene's colors.Therefore,Cro-
maDepth,too, is noalternative for ourcasestudy.

On the contrary, anaglyphs can be generatedwithout having
sourcecodeaccess.Formally, anaglyphscanbede�ned asfollows:
Givena color modelwith a setof primariesP , the imagesfor the
left andright eye arerenderedusingsubsetsL � P andR � P
of primaries,with L \ R = ; . Informally, this just meansthatthe
stereopair canbeseparatedusingglassesof differentcolor. How-
ever, not all subsetsof P aresuitablefor stereographicviewing. If
L [ R 6= P, the application's color spacecannotbe reproduced
in a satisfyingway. For example,usingtheRGB color modeland
red-greenglasses,nobluetonescanbeperceivedby theviewer.

Yet, this limitation doesnot apply to coloredanaglyphsusing
e.g. red-cyan glasses.In addition,sinceanaglyphscanbe imple-
mentedef�ciently usingOpenGL's glColorMask functionality,
coloredanaglyphsareanstereoscopictechniqueideallysuitablefor
ourneeds.

As a matterof fact,anotheranaglyph-basedeffort [6] similar to
ourshasalreadybeenmade.However, this implementationproved
to beunreliableanddid not supportmany applications.Moreover,
sincea stereolibrary canbeimplementedwith a few hundredlines
of codeandintegrationin alreadyexisting codewasunderconsid-
eration,we decidedto develop an easyto uselibrary on our own
that allows us to experimentwith differenttypesof passive stereo
techniques.



3 PRELOADING LIBRARIES

Whenanapplicationis beingdeveloped,functionalityimplemented
in somelibrary maybeincludedusingstaticor dynamiclinking [5].
Usingstaticlinking thelibrary's functionalityis copiedinto theex-
ecutable.Theapplicationis, therefore,unaffectedif thearchive is
replacedlater. On theotherhand,dynamiclinking addsreferences
to a sharedlibrary to theapplication's executableinsteadof the li-
brary's codeitself. This allows an applicationto usealways the
latestversionof a library.

Mostcomputersystemsallow theprogrammerto modify thebe-
havior of sharedlibraries without having to modify the libraries
themselves. This techniqueis calledpreloadingandworksby im-
plementinga sharedlibrary thatselectively overridesthe interface
of anothersharedlibrary. Usingruntimelinking [5, 7] theoriginal
library's functionality is still availableaslong asboth theoriginal
and the replacementlibrary are dynamically linked to the appli-
cation. Sincethe executabledoesonly containreferencesto the
original library, the orderto preloadthe replacementlibrary must
be given to the linker usinga secondmechanism.Most systems
chooseto useenvironmentvariablesfor thispurpose.

OpenGLis usually implementedboth as a static as well as a
sharedlibrary. Becausemostapplicationsarelinked dynamically
to take advantageof improved versionsof the OpenGL library,
preloadingcanbe usedto modify the behavior of mostOpenGL-
basedapplicationswithout having to modify any sourcecode.The
library describedin this casestudytakesadvantageof this factand
addsstereocapabilitiesto an applicationsolely usingpreloading.
A detaileddescriptionof whatfunctionalityof theOpenGLlibrary
wasreplacedis givenin thefollowing section.

4 LIBRARY ARCHITECTURE

4.1 Stereo Rendering

Basically, therearetwo possibilitiesto adjustthecamerafor stereo-
graphicperspective. The“toe-in” method(Figure1(a)) rotatesthe
camerafrustaaroundthecenterof projection.This approachis ge-
ometricallyincorrect,andleadsto variablemisalignments,namely
keystoningor vertical parallaxesbetweenhomologouspoints [4].
Thecorrectapproach,implementedin our library, is shown in Fig-
ure 1(b). This methodusesasymmetricfrusta with parallel axis
vectors(indicatedby the arrows). As we do not know the cam-
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Figure1: Stereocameraperspectives: (a) approximating“toe-in”
method, (b) correct,asymmetricfrusta.

eraparametersgiven insidethe preloadedapplication,we have to
extract the informationneededto calculatethe cameraproperties
for the left andright eye from theexisting projectionmatrix P . In

general,P is of thefollowing form:
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Hereby, n, f , l , r , t , andb representthe near, far, left, right, top,
andbottomclipping planes, respectively. Theeye offset in screen
spaceis givenby cx andcy . Thenearandfar clipping planescan
be derived easily from the third row of this matrix. Furthermore,
from the �rst row we determinethe left andright planeswhich in
generalaresymmetricalto theviewing direction.

Usingthis informationwe areableto adjusttheasymmetryand
thecameraoffsetfor theleft andright eyeby manipulatingthethird
andfourthentryof thematrixP 's �rst row, respectively.

What is left is identifying the OpenGL calls that manipulate
the projectionmatrix. We have found that glFrustum and all
glLoadMatrix* andglMultMatrix* OpenGLcallsmustbe
overridden. To handlethe unexpectedcasethat gluPerspec-
tive doesnot call glMultMatrix* , we have overriddenthis
utility function,too.

4.2 Redrawing
Calculatingthe viewing frusta for the left andright imageis just
onepartof theprocessin generatingstereoimages.Theothertask
is to performtheactualrenderingusingthedeterminedsettings.

The obvious solutionis to renderthe sceneonceusingthe set-
tingsfor theleft eye,andthento rerenderit with thesettingsfor the
right eye. Obviously, this approachrequiresknowledgeaboutthe
routineperformingtherendering.This is trivial for aglut-basedap-
plication: OverridingglutDisplayFunc will yield thedesired
information. However, in thegeneralcaseinvocationof glut func-
tionscannotbeassumed.But if theredraw functioncannotbedeter-
minedin asafeway, any attemptto �nd theredraw function,e.g.by
calculatingthereturnaddressof glClear andtracingthecallstack
back to the �rst enclosingfunction, mustbe considereda heuris-
tic that will not work for many applications. A simple OpenGL
pseudocodethatdoesall renderingwithin main demonstratesthe
problem:

int main(void) {
int i;

/* Open display and create window */
...

/* Clear the drawable */
glClear(...);

i = 0;

for (i = 0; i < 10; i++) {
redraw:

/* Draw some primitives */
...

}

return 0;
}

Thecorrectaddressfor redrawing is labeledredraw in thisexam-
ple. Obviously, neitherthe function enclosingglClear (main )
northereturnaddressof glClear canbeusedfor redrawing with-
outalteringtheprogramlogic.

Another approachis to record all issuedOpenGLcommands
whenrenderingthe left-eye sceneandplaying thembackfor ren-
deringthe right-eye scene.This approachrequirespreloadingall
OpenGLcalls. Doing this soundsworsethan it really is because
most of the codecan be generatedautomaticallyby parsingthe



OpenGL sampleimplementationspeci�cation �les provided by
SGI [10]. Still, preloadingthecompleteOpenGLlibrary is a chal-
lengingtaskandmayslow down theapplicationconsiderablywhen
largevertex arraysmustbesavedfor furtherreference.

CreatingasecondGLX context will alsorequireapreloadof all
OpenGLfunctions. In contrastto thepreviousapproachtheargu-
mentsneedno longerto besavedwhichmakesthecodemuchsim-
pler. Thedisadvantageis thata naive implementationwill causea
largenumberof context switchesandthereforewill again lower the
application's performance.Switchingcontexts only with glEnd
and recordingcalls issuedin a glBegin /glEnd block will be
muchbetter. But eventhisapproachwill notgivethecorrectresults
if theapplicationchangesits internalstatebetweentwo glXSwap-
Buffers .

Given thesefacts,our opinion is that simply sendingan Ex-
pose event1 is thebesttradeoff betweencomplexity anduniversal-
ity [8]. Theapplicationmaystill changeits internalstatebetween
two buffer swapsbut thisshouldbeconsideredratheradesign�a w
thangoodprogrammingstyle. To conclude:Expose eventswill
give identical resultscomparedto the last (andeven the �rst) ap-
proachatamuchlowercost.

Using this approach,generationof the stereoimage requires
preloadingglXSwapBuffers only anddiscardingthe swap af-
ter the left-eye view hasbeenrendered.At this point the projec-
tion matrix for the right-eye view is setandan Expose event is
generated.As soonasglXSwapBuffers is reenteredtheevent-
activatedrenderingcanbe consideredto be completeandbuffers
are swapped. Since glClear is probably called betweentwo
buffer swapsthis routinehasto be overridden,too, to unmaskthe
colorbuffer bit whentheright-eyeview is to berendered.

4.3 Con�guration
The computedstereopairsarecontrolledby threemajor parame-
ters:theviewerseyeseparation,thedisplaywidth, andthelocation
of the zero-parallax. The former two parametersusually do not
needto bechangedfrequently. However, thelastparametershould
beadjustableinteractively to focuson differentpartsof thescene.
Therefore,we have decidednot to save thesettingsin a con�gura-
tion �le, but insteadin a permanentsharedmemorysegment.The
segmentis createdat the application's �rst startand is initialized
with defaultvalues.If thesearenotsuitable,astandalonegraphical
con�gurationprogramcanbeusedto attachto thesharedmemory
segmentand to adjustthe settings. All this canbe donewithout
having to restartthe applicationand the settings'effects become
visible instantly.

Anotheradjustableparameteris color saturation,motivatedby
thefactthatanaglyphscannotreproducetheRGB color space(see
Section2). Thisdrawbackcanbealleviatedby addingwhite to col-
ors like purered or green,i.e. by lowering the color's saturation.
Still, thereis no needto lower the saturationS in general,there-
fore, the following weighting function basedon the luminances
L red =cyan is beingusedto computetheadjustedsaturationS0:

S0 = S �
�

1 � (1 � Smax ) �
�
�
�
L red � L cyan

L over al l

�
�
�
�

; (2)

5 APPLICATION RESULTS

Usingpassivestereo,eachstereoimageis theresultof asuperposi-
tion of two imagesusingtwo slightly differentviewing frusta. Let
R bethetime betweentwo buffer swaps,S bethetime neededfor
thebuffer swapitself, andfpsster eo andfpsmono betheapplication's

1or the correspondingevent that tells the applicationthat the window
mustberedrawn afterbeingobscuredif notusingtheX Window System

frameratewith andwithoutusingthelibrary, respectively. Thenthe
following two relationsareexpected:

lim
R
S ! 0

fpsmono

fpsster eo
= 1 ; lim

R
S !1

fpsmono

fpsster eo
= 2 : (3)

Both of these equationscan be con�rmed using the standard
glxgears OpenGLapplicationanddrawablesof differentsizesand
variousnumbersof gearteeth.Therefore,geometry-boundapplica-
tionswill experiencehalf theframeratein theworstcase,but typ-
ically only a decreaseof sometenpercentwhenusinglargedraw-
ables. On the other hand, renderingsceneswith little geometry
will typically bealmostunaffectedby preloadingthestereolibrary
sincebuffer swapsareignoredfor theleft eye andno color buffers
areclearedfor theright eye.

A visual evaluation of the library was done using real-world
commercialsoftwarepackagesfor theLinux operatingsystem.The
�rst package,PowerVIZ [9] is a Qt-based�o w visualizationtool
distributedby Exa Corporationthat is usedby car manufacturers
for visualizingtheair �o w aroundcarbodiesaswell aswithin cata-
lysts.PowerVIZmakesextensiveuseof textures.Thesecondpack-
ageis FEMod [3], an interactive preprocessingtool for car crash
simulations.FEModis developedby science+computingAG in co-
operationwith theBMW AG, Munich andis alsobasedon theQt
toolkit.

Our library is implementedon the lowest level of OpenGL.
Therefore,any OpenGL-basedapplicationis expectedto work with
the library, whetherit usesglut or any other toolkit that provides
GLX drawables.As expected,bothPowerVIZandFEMod canbe
usedwith thelibrary withoutany problems;in particular, therewere
noproblemscausedby interferenceof thestereoandtheQt library.
Depthimpressionis excellentandmostcolorsarecrisp(seeSec-

Figure2: Flow visualizationwith PowerVIZ. Theeye distancehas
beenenlargedto emphasizeparallaxeffects.

tion 6 for details). Figures2 and3 show somescreenshots.The
screenshotsmustbeviewedwith red-cyanglasses,however, ghost-
ing artifactsmayoccurdueto intentionallyenlargedeyedistances.

Useof our library is not restrictedto desktopcomputers.Some
modernPocket PCsareableto run theLinux operatingsystemand
are, therefore,potentialdisplay devices. However, due to a still
limited computingperformanceof thesedevices,combiningour li-
brarywith aremotevisualizationlibrary is amoresensibledecision
at the moment. In [11] remotevisualizationon a CompaqiPAQ



Figure3: FEModwith enlargedeyedistance.As canbeseenat the
front andrearwheelthezeroparallaxis locatednearthecarbody's
center.

Figure4: RemotestereoonaniPAQ PocketPC.

Pocket PCis demonstrated.Clearly, aniPAQ is not suitablefor ac-
tive stereo.However, passive stereois possibleby preloadingour
library to thevisualizationapplicationthatrunson theserver (Fig-
ure4). In this case,passive stereois quitesuperiorto active stereo
dueto theneedto transmitonly oneimageperstereoimageinstead
of two.

6 LIMITATIONS

The library overrides glXSwapBuffers and sendsExpose
eventsfor redrawing. Using single-bufferedapplicationsor appli-
cationsthatdonothandleExpose correctly, only monoscopicim-
ageswill beperceived. Thesameappliesto theuseof glColor-
Mask for superpositioningthe stereoimage: An applicationthat

makesuseof colormaskswill show unexpectedbehavior.
A last limitation inherent in preloadingis that our library is

only applicableto programsthat aredynamicallylinked with the
OpenGLlibraries. However, linking theOpenGLlibrary statically
is not reasonable;thus,thenumberof applicationsaffectedby this
limitation is small.

7 CONCLUSIONS

In this casestudywe examineapplicationsof a preloadlibrary for
polychromaticpassive stereo.We have found that the resultswith
regard to depthimpressionand color are very satisfying. Paired
with theeaseof use,low purchaseandmaintenancecosts,andthe
applicability to most OpenGL-basedapplications,it is our opin-
ion that polychromaticpassive stereois a real alternative to ac-
tivestereoin environmentswheresophisticatedhardwarefor active
stereois not available. Furthermore,it hasbeendemonstratedthat
evenPocketPCscanbeusedasastereographicdisplay—nomatter
whetherthey generatethestereoimagesthemselvesor receivethem
from avisualizationserver.
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