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ABSTRACT

Active sterechasbeenusedby engineersand industrial design-
ersfor several yearsto enhancehe perceptionof computergen-
eratedthree-dimensionaimages. Unfortunately active stereore-
quiresspecializedchardware. Therefore,as ubiquitouscomputing
and teleworking gain importance,using active stereobecomesa
problem. The goal of this casestudy is to examinethe concept
of ageneridibrary for polychromatigpassve stereao male stereo
vision availableeverywhere.

CR Categories: 1.3.2 [ComputerGraphics]:GraphicsSystems—
Distributed/netverk graphics; 1.3.3 [Computer Graphics]: Pic-
ture/ImageGeneration—\éwing algorithms

Keywords: StereoGraphicsOpenGL,Preloading

1 INTRODUCTION

The use of stereoscopidechniquesto enhanceperceptiondates
back to 1832, when Charles Wheatstoneproved that the ef-
fect of three-dimensionavision could be reproducedby placing
two slightly differentdrawings side-by-sideand looking at them
througha systemof mirrorsandprisms.

More thana hundredyearslater, in the late 1960s stereograph-
icsfoundits wayinto computemgraphics At thattime, high-quality
stereowasonly availablein ervironmentsthat could bearthe high
costsof sterecequipment.A constanincreasen the performance
of consumegraphicshoardsduringthelastyearshaschangeahis
andactive stereausingasingleprojectiondevice andshutterglasses
is now a standardechnologythatis affordablefor everyone. Still,
active stereorequiressophisticatedechnologythatis not available
for every workplace especiallyportabledisplaydevices. However,
ubiquitouscomputingis gaining importance,so solutionsare re-
quiredthatenablealsothesedevicesto displaystereoscopionages.

This casestudydiscussethe concepbf usingageneridow-cost
software solutionto solwe this problem. The solutionis provided
by meansof a preloadlibrary which enableamostOpenGLbased
applicationsto display high-quality polychromaticpassve stereo.
With the presentedolutionno modi cations of ary kind arenec-
essarnyto convertamonoscopi@pplicationto a stereoscopiappli-
cation. This allows usto include software packagesn our study
which we do notevenhave sourcecodefor.

Our casestudyis organizedasfollows: Section2 compareghe
differenttechniquedor generatingsterecimagesusing examples
of softwareandhardwaresolutionsdevelopedby otherresearchers
andjusti es ourinterestin passve stereo.Section3 givesanintro-
ductionto the techniqueof preloadingthatis usedfor our library.
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This knowledgeis indispensabldor understandinghe description
of thelibrary's architecturefollowing in Section4. Finally, results
and experienceswith sampleOpenGL programsand real-world
commerciakoftwarepackagegor o w visualizationand nite ele-
mentcrashsimulationsarereportedn Section5.

2 RELATED WORK

We evaluatedseveral stereoscopitechniqueswhich have beende-
velopedpreviously. It turnedout that most of themfail to meet
someor all of our criteria: no needfor specializechardware,multi-

colorimagesandportability.

Solutionsfor active stereo,alsousedin high-endVR erviron-
ments,are mostly hardware basedand requirespecialdrivers[6].
Somesoftwaretricks [1] allow to circumwentthe needfor special
drivers,providing supportfor a minor subsef shutterglassesin
ary case,synchronizatiorproblemshave to be dealtwith or ac-
tive stereodoesnot work at all. In addition, thereis currentlyno
Poclet PC that providesthe hardware capabilitiesrequiredfor ac-
tive stereo.

On the otherhand, passie stereousing Iter glassesvorkson
all systems. One commontechniqueis basedon polarizedlight
[4]. However, polarizedlight would contradictour requirementor
apenasie usageand,therefore wasdropped.

Anothersolutionis ChromaDeptH?2], but thisis dif cult to im-
plementwithout having accesdo the sourcecodeof the applica-
tion andrequireshealteringof the scenes colors. Therefore Cro-
maDepthtoo, is noalternatve for our casestudy

On the contrary anaglyphs can be generatedwithout having
sourcecodeaccessFormally, anaglyphsanbede ned asfollows:
Givena color modelwith a setof primariesP, theimagesfor the
left andright eye arerenderedusingsubsetd. P andR P
of primarieswith L \ R = ;. Informally, this just meanghatthe
stereopair canbe separatedisingglassef differentcolor. How-
ever, notall subsetof P aresuitablefor stereographiwiewing. If
L[ R 6 P, theapplications color spacecannotbe reproduced
in a satisfyingway. For example,usingthe RGB color modeland
red-greerglassesno bluetonescanbepercevedby theviewer.

Yet, this limitation doesnot apply to coloredanaglyphsusing
e.g. red-g/an glasses.In addition, sinceanaglyphscanbe imple-
mentedef ciently usingOpenGLs glColorMask  functionality,
coloredanaglyphsareanstereoscopitechniquedeally suitablefor
ourneeds.

As a matterof fact, anotheranaglyph-basedffort [6] similarto
ourshasalreadybeenmade.However, thisimplementatiorproved
to beunreliableanddid not supportmary applications.Moreover,
sincea steredibrary canbeimplementedvith a few hundredines
of codeandintegrationin alreadyexisting codewasunderconsid-
eration,we decidedto develop an easyto uselibrary on our own
thatallows usto experimentwith differenttypesof passie stereo
techniques.



3 PRELOADING LIBRARIES

Whenanapplicationis beingdeveloped functionalityimplemented
in somelibrary maybeincludedusingstaticor dynamidinking [5].
Usingstaticlinking thelibrary's functionalityis copiedinto the ex-
ecutable.The applicationis, therefore unafectedif the archive is
replacedater. Onthe otherhand,dynamiclinking addsreferences
to asharedibrary to the applications executableinsteadof the li-
brary's codeitself. This allows an applicationto usealways the
latestversionof alibrary.

Most computersystemsllow the programmeto modify thebe-
havior of sharedlibraries without having to modify the libraries
themseles. This techniques calledpreloadingandworks by im-
plementinga sharedibrary that selectiely overridesthe interface
of anothersharedibrary. Usingruntimelinking [5, 7] the original
library's functionality is still availableaslong asboththe original
and the replacementibrary are dynamicallylinked to the appli-
cation. Sincethe executabledoesonly containreferencego the
original library, the orderto preloadthe replacementibrary must
be given to the linker using a secondmechanism.Most systems
chooseo useervironmentvariablesfor this purpose.

OpenGLis usually implementedboth as a staticaswell asa
sharedibrary. Becausanostapplicationsarelinked dynamically
to take adwantageof improved versionsof the OpenGL library,
preloadingcan be usedto modify the behaior of mostOpenGL-
basedapplicationswithout having to modify ary sourcecode.The
library describedn this casestudytakesadvantageof this factand
addsstereocapabilitiesto an applicationsolely using preloading.
A detaileddescriptionof whatfunctionality of the OpenGLlibrary
wasreplaceds givenin thefollowing section.

4 LIBRARY ARCHITECTURE

4.1 Stereo Rendering

Basically therearetwo possibilitiesto adjustthe cameréor stereo-
graphicperspectie. The“toe-in” method(Figure1(a)) rotatesthe
camerdrustaaroundthe centerof projection.This approachs ge-
ometricallyincorrect,andleadsto variablemisalignmentsnamely
keystoningor vertical parallaxes betweenhomologouspoints [4].

The correctapproachimplementedn our library, is shavn in Fig-

ure 1(b). This methodusesasymmetricfrustawith parallel axis
vectors(indicatedby the arravs). As we do not know the cam-

(b)

Parallax

Left Left
eye eye

Figure 1: Stereocameraperspecties: (a) approximating‘toe-in”
method, (b) correctiasymmetridrusta.

eraparametergiiven inside the preloadedapplication,we have to
extract the information neededo calculatethe cameraproperties
for theleft andright eye from the existing projectionmatrix P . In

generalP is of thefollowing form:
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P = t b t b : 1
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Herebyn, f, |, r, t, andb representhe near, far, left, right, top,
andbottomclipping planes respectiely. The eye offsetin screen
spaces givenby ¢, 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
generabresymmetricalko theviewing direction.

Usingthis informationwe areableto adjustthe asymmetryand
thecameraffsetfor theleft andright eye by manipulatinghethird
andfourth entryof thematrix P's rst row, respectiely.

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

4.2 Redrawing

Calculatingthe viewing frustafor the left andright imageis just
onepartof the processn generatingstereamages.The othertask
is to performtheactualrenderingusingthe determinedsettings.

The ohvious solutionis to renderthe sceneonceusingthe set-
tingsfor theleft eye, andthento rerendeiit with thesettingsor the
right eye. Obviously, this approactrequiresknowledgeaboutthe
routineperformingtherendering.Thisis trivial for aglut-basedp-
plication: Overriding glutDisplayFunc will yield the desired
information. However, in the generalcaseinvocationof glut func-
tionscannoteassumedButif theredrav functioncannotbedeter
minedin asafeway, ary attempto nd theredrav function,e.g.by
calculatingthereturnaddres®f glClear  andtracingthecallstack
backto the rst enclosingfunction, mustbe considerecha heuris-
tic thatwill not work for mary applications. A simple OpenGL
pseudocodéhat doesall renderingwithin main demonstratethe
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 0O

Thecorrectaddresgor redraving is labeledredraw in this exam-
ple. Obviously, neitherthe function enclosingglClear (main)
northereturnaddres®f glClear canbeusedfor redraving with-
outalteringthe programlogic.

Another approachis to recordall issuedOpenGL commands
whenrenderingthe left-eye sceneand playing thembackfor ren-
deringthe right-eye scene. This approachrequirespreloadingall
OpenGLecalls. Doing this soundsworsethanit really is because
most of the code can be generatecautomaticallyby parsingthe



OpenGL sampleimplementationspeci cation les provided by
SGI[10]. still, preloadingthe completeOpenGLlibrary is a chal-
lengingtaskandmayslow down theapplicationconsiderablyvhen
large vertex arraysmustbe savedfor furtherreference.

CreatingasecondGLX context will alsorequirea preloadof all
OpenGLfunctions. In contrastto the previous approactthe argu-
mentsneedno longerto be savedwhich makesthe codemuchsim-
pler. Thedisadwantageis thata naive implementatiorwill causea
large numberof context switchesandthereforewill againlowerthe
applications performance. Switching contets only with glEnd
and recordingcalls issuedin a glBegin /gIEnd block will be
muchbetter But eventhis approactwill notgivethecorrectresults
if theapplicationchangedts internalstatebetweertwo gIXSwap-
Buffers

Given thesefacts, our opinion is that simply sendingan Ex-
pose event isthebesttradeof betweercompleity anduniversal-
ity [8]. The applicationmay still changeits internalstatebetween
two buffer swapsbut this shouldbe consideredathera design aw
thangood programmingstyle. To conclude:Expose eventswill
give identicalresultscomparedo the last (andeventhe rst) ap-
proachatamuchlower cost.

Using this approach,generationof the stereocimage 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 eventis
generatedAs soonasglXSwapBuffers  is reenteredhe event-
activatedrenderingcan be consideredo be completeand buffers
are swapped. SinceglClear is probably called betweentwo
buffer swapsthis routine hasto be overridden,too, to unmaskthe
color buffer bit whentheright-eye view is to berendered.

4.3 Con guration

The computedstereopairs are controlledby threemajor parame-
ters:theviewerseye separationthe displaywidth, andthelocation
of the zero-parallax. The former two parametersisually do not
needto be changedrequently However, thelastparameteshould
be adjustablanteractively to focuson differentpartsof the scene.
Therefore we have decidednot to save the settingsin a con gura-
tion le, butinsteadin a permanensharednemorysegment. The
segmentis createdat the applications rst startandis initialized
with defaultvalues.If thesearenotsuitable a standalongraphical
con guration programcanbe usedto attachto the sharednemory
seggmentandto adjustthe settings. All this can be donewithout
having to restartthe applicationand the settings' effects become
visible instantly

Another adjustableparameteiis color saturationmotivatedby
thefactthatanaglyphsannotreproducehe RGB color space(see
Section2). Thisdravbackcanbealleviatedby addingwhite to col-
orslike pureredor 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 computethe adjustedsaturatiorS®

L red L cyan . (2)

S°=S 1 (1 Smx)

L overall

5 APPLICATION RESULTS

Usingpassie stereogachstereamageis theresultof a superposi-
tion of two imagesusingtwo slightly differentviewing frusta. Let
R bethetime betweertwo buffer swaps,S bethetime neededor
thebuffer swapitself, andfpSster o andfpsmono betheapplications

1or the correspondingevent that tells the applicationthat the window
mustberedravn afterbeingobscuredf notusingthe X Window System

frameratewith andwithoutusingthelibrary, respectiely. Thenthe
following two relationsareexpected:

fPSmono -

lim PSmoo _ 4. iy
fpsstereo

R R
Biro fPSster eo Bn

@)

Both of these equationscan be con rmed using the standard
glxgears OpenGLapplicationanddravablesof differentsizesand
variousnumberof gearteeth. Thereforegeometry-bounapplica-
tionswill experiencehalf theframeratein theworstcase but typ-
ically only a decreas®f someten percentwhenusinglarge draw-
ables. On the other hand, renderingsceneswith little geometry
will typically be almostunafectedby preloadingthe steredibrary
sincebuffer swapsareignoredfor theleft eye andno color buffers
areclearedfor theright eye.

A visual evaluation of the library was done using real-world
commerciakoftwarepackage$or theLinux operatingsystem.The
rst packagePowerVIZ[9] is a Qt-based o w visualizationtool
distributed by Exa Corporationthat is usedby car manufcturers
for visualizingtheair o w aroundcarbodiesaswell aswithin cata-
lysts. PowerVIZmakesextensie useof textures. The secondpback-
ageis FEMod [3], aninteractve preprocessingool for car crash
simulations. FEModis developedby science+computingG in co-
operationwith the BMW AG, Munich andis alsobasedon the Qt

toolkit.

Our library is implementedon the lowest level of OpenGL.
Thereforeary OpenGL-basedpplicationis expectedo work with
the library, whetherit usesglut or ary othertoolkit that provides
GLX dravables.As expected both PowerVIZandFEMod canbe
usedwith thelibrary withoutary problemsjn particular therewere
no problemscausedy interferenceof the sterecandthe Qt library.

Depthimpressionis excellentandmostcolorsarecrisp (seeSec-

Figure2: Flow visualizationwith PoverVIZ. Theeye distancehas
beenenlagedto emphasizgarallaxeffects.

tion 6 for details). Figures2 and 3 shav somescreenshotsThe
screenshotmustbeviewedwith red-gzanglasseshowever, ghost-
ing artifactsmay occurdueto intentionallyenlagedeye distances.
Useof our library is not restrictedto desktopcomputers.Some
modernPoclet PCsareableto run the Linux operatingsystemand
are, therefore,potentialdisplay devices. However, dueto a still
limited computingperformancef thesedevices,combiningour li-
brarywith aremotevisualizationlibrary is amoresensibledecision
at the moment. In [11] remotevisualizationon a CompadiPAQ



Figure3: FEModwith enlagedeye distance As canbe seematthe
front andrearwheelthe zeroparallaxs locatednearthe carbody's
center

Figure4: Remotesterecon aniPAQ Poclet PC.

Poclet PCis demonstratedClearly, aniPAQ is not suitablefor ac-
tive stereo. However, passie stereois possibleby preloadingour

library to thevisualizationapplicationthatrunson the sener (Fig-

ured). In this case passve stereadis quite superiorto active stereo
dueto the needto transmitonly oneimageperstereamageinstead
of two.

6 LIMITATIONS

The library overrides giXSwapBuffers and sendsExpose
eventsfor redraving. Using single-tufferedapplicationsor appli-
cationsthatdo nothandleExpose correctly only monoscopidm-
ageswill beperceved. The sameappliesto the useof glColor-
Mask for superpositioninghe sterecimage: An applicationthat

malkesuseof colormaskswill shav unexpectedbehaior.

A last limitation inherentin preloadingis that our library is
only applicableto programsthat are dynamicallylinked with the
OpenGLlibraries. However, linking the OpenGLlibrary statically
is notreasonablethus,the numberof applicationsaffectedby this
limitation is small.

7 CONCLUSIONS

In this casestudywe examineapplicationsof a preloadlibrary for

polychromaticpassie stereo.We have found thatthe resultswith

regard to depthimpressionand color are very satisfying. Paired
with the easeof use,low purchaseandmaintenanceosts,andthe
applicability to most OpenGL-basedpplications,it is our opin-
ion that polychromaticpassie stereois a real alternatve to ac-
tive steredn environmentswvheresophisticatedhardwarefor active
stereais not available. Furthermorejt hasbeendemonstratethat
evenPoclet PCscanbeusedasa stereographidisplay—nomatter
whetherthey generatéhesteredmageghemselesor recevethem
from avisualizationsener.
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