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Abstract

There is a growing interest for providing interactive
graphicsalso on mobiledeviceslike PDAs, Smartphones,
etc. Rightnowmobiledevicesare very limited concerning
graphical resourcesbasicallyonly simple2D rasterization
operationsare available, that run completelyon the main
CPU of the device. Thedesire to havemore complex 3D
graphicson thesedevicesoftenresultsin a remoterender-
ing solution.Classicalremoterenderingsolutionsproduce
the�nal imageson a serverandtransfertheseto theclient
device over a wired or non-wired network. With this pa-
per we presentan alternativemethodto the image-based
approach by splitting the renderingprocessbetweenclient
andservertransferingcoupleof 2D line primitivesover the
network,which are renderedlocally by themobiledevice.

1. Intr oduction

Mobile devices,e.g.PersonalDigital Assistants(PDAs),
cellular phoneswith more capabilitiesthan just phoning
(Smartphones)enjoy asigni�cant growing numberof users
over the pastfew years. Along with growing of the user
basethe numberof applicationsthat do not belongto the
classicaltasksof thesedevicesincreasesaswell. Someof
themmight requireinteractive graphicssolutionseither in
2D or 3D. Right now thedevicesarenot powerful enough
to rendercomplex 3D contenton their own. On the other
handaccessto wirelessnetwork technologies(e.g.WLAN,
GPRS,BlueToothandUMTS) allow for renderingthecon-
tentona remoteserverandonly transfer�nished imagesto
the mobile client. Unfortunatelywirelessnetworks suffer
of several problems. The major problemis the low band-
width comparedto wirednetworksandthehighlatency due
to massivenetwork packageloss.

Usingimagecompressiontechniquescanhelpto reduce
theamountof necessaryimagedatatransferedthroughthe
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network but alsoincreasesthework loadonbothsides.Be-
sidesit still requiresanexpensive fullscreenimageblit op-
erationon theclient. Increasingpowerandfunctionalityon
mobiledevices– somedevicesalreadyhave a secondgen-
eration2D accelerator, and�rst generation3D accelerators
are just aroundthe corner– could requirea rethinkingof
this strategy. It might be wise to re-balancethework load
betweenmobileclientandstationaryserver.

Our work presentedin this paperis a �rst stepinto this
direction. We try to split up someof the imagegeneration
tasksbetweenclient andserver with theaim to reducethe
necessarynetwork traf�c, exploit increasing– otherwisenot
usedfunctionality – on the client, andto have a morefair
balancingbetweenclient andserver. The main idea is to
just render2D line primitiveson the client, that have pre-
viouslybeengeneratedon theserverderivedfrom arbitrary
3D scenes.Usingline primitivesintroducesof coursesome
limitations. For exampleright now we cannot have fully
coloredandshadedimageson the client, insteadwe have
to rely on drawing featurelinesof theobjectscontainedin
a 3D scene.But accordingto researchfrom Tufte [19], in
many casesa setof featurelinesis suf�cient enoughto en-
gendera goodvisualimpressionof thesceneto theviewer.
Besides,dueto thesmall screensize,resolutionandcolor
depthof mobile devices, the bene�t of having color right
now is actuallynot thatgreat.

The remainderof this paperis organizedasfollows. In
the next sectiona brief summaryof relatedwork is pre-
sented. In the third sectionthe basicconceptbehindour
remoterenderingsolution is described,which is then ex-
plainedin furtherdetail in section4. Thepaperendswith a
discussionon thereceivedresults.

2. RelatedWork

Remoterenderingandvisualizationmethodsarenot that
new, several attemptshave beenmadein the past. En-
gel et al. [5] for exampledevelopeda remotecontrol in-
terfacefor OpenInventorandCosmo3Dapplications.The
systemtransferscompressedimagesfrom the server to a
Java-basedclient andreturnseventsgeneratedat theclient
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Figure 1. Architecture overview. The thic k­
ness of the lines represents the amount of
data transf ered over the netw ork.

via CORBA requests.Ma andChamp[9] developedasolu-
tion for remotevisualizationof time-varyingdataoverwide
areanetworks. It involvesa dedicateddisplaydaemonand
acustomtransportmethodwhichallowsarbitrarycompres-
siontechniques.Richardsonet al. [13] developeda system
which allows remotecontrol of a completedesktopenvi-
ronment. They implementeda simpleprotocolpermitting
event transferandsomebasiccompressionmethods. Re-
centlyStegmaieret al. [17] developeda truly genericsolu-
tion, that takesadvantageof thetransportmechanismspart
of theX Window Systemleadingto anextremelycompact
implementation.In a later enhancedversion[16] an addi-
tional imagetransferchannelhasbeenaddedto allow for
arbitrary compressionmethods. Both versionswere suc-
cessfullytestedalsoonmobileclients.

All theseworkshaveoneaspectin common,they all use
imagetransfersover networksfor remoterendering.Other
approacheshave beenproposedin the past[15] but were
not very successfulcomparedto the previous mentioned
imagestreamingarchitectures.Themaindisadvantagesof
thesearethatthey rely on sendinglargepartsof scenedata
throughthe network which makesthemespeciallyunsuit-
ablefor mobile devices,sincethey have very limited data
storagecapabilities.

As we derive our 2D lines from featurelinesof 3D ob-
jectsthereis a hugeoverlapwith particularresearchin this
area. Numerousworks have beenpublishedon deciding
which linesof a 3D objectareimportantfor thevisualper-
ceptionof a human [14, 6, 10]. Also variousresearchhas
beenconductedto �nd theselinesef�ciently bothin object
andin imagespace[14, 6, 10, 7, 21, 2].

3. Basicconcept

The ideaof the remoteline renderingsystemis to split
theworkloadbetweenclientandserverandatthesametime
reducetherequirednetwork bandwidthfor eachframe. Of

coursemostof the tasksarestill doneon the server asthe
client haslimited CPU andespeciallymemoryresources,
which prohibit to storeandto processlargeamountof data
locally. Thereforethe work betweenclient and server is
split in thefollowing manner:

3.1 Server

The server is doing the completescenehandling,stor-
ing all the 3D objectsof the scene– if possible– in its
mainmemoryandprocessesthemfor eachrenderpass.The
server alsohandlesthe userinput eventswhich have been
sentby theclient,updatesthecorrespondingtransformation
matricesandstartsprocessingthenext frame.It is responsi-
blefor �nding all thefeaturelinesincludingtheview depen-
dentsilhouettelines and transforming,projectingthemto
2D window coordinates.Additionally it hasto take careof
hiddensurfaceremoval. As only line primitivesaredrawn
andno �lled polygonswith depthinformation,this cannot
be doneon the client. Also beforesendingthe extracted
2D lines it doessomepackagingof lines to linestripsand
additionaloptimizationsteps.

3.2 Feature lines

Thefollowing differenttypesof featurelinescanbedis-
tinguishedandarefoundby theserverandstoredin anextra
edgebuffer:

� Boundaries (seeFigure2(a)), theseareedgesat the
boundaryof a trianglemeshandoccurwhenthemesh
can not be describedthrough a closed polyhedron.
They canbe simply foundby just looking if theedge
in theedgelist hastwo facesor not.

� Ridges (seeFigure 2(c)), theseare edgesresulting
from a bump in the objectsurfaceandoften areused
to emphasizethe shapeof the surface. To test if an
edgebelongsto thegroupof ridges,thedotproductbe-
tweenthenormalsof thetwo faces~n f ace1 and~nf ace2

connectedby anedgeis computedandtestedagainsta
user-de�ned thresholdvalue.

� Valleys (seeFigure2(d)) arecloselyrelatedto ridges
andcanbe detectedby the samemethod. To distin-
guishbetweena valley anda ridgeedgea secondvec-
tor is needed. This secondvector is taken from the
edgeof the �rst facepointing away from the current
testingedge.Afterwardsanotherdot productis com-
putedbetweenthisvectorandthenormalof thesecond
face,andif its sign is positive it is a valley edge,oth-
erwisea ridgeedge.

� Silhouettes(seeFigure2(b)),areedgesthatconnecta
front-facingfacewith a back-facingface.They differ



from thepreviousmentionedfeaturelinesasthey de-
pendon thepositionof theviewer andthereforemust
becomputedfor eachframe. Our silhouettedetection
routineis very similar to BuchananandSousa[2]. It
iteratesover all facesanddecidesif the faceis back
facing.Whenthefaceis backfacingall thetype�ags
of theedgesof thisfacewill bemarkedassilhouetteby
usinganXOR bit operation.At theendedgesmarked
as silhouetteare silhouettes,all other edgesare not.
This is dueto the fact that eitherthis type will never
beset,becauseonly front faceshavebeenfound,or in
thecaseof two backfacesit is unsetagainthrougha
doubleXOR operation.

3.3 Client

The client only hasto rasterizethe received line pack-
agesinto its framebuffer andpropagateinput eventsback
to theserver. A schematicillustrationof theremoterender-
ing systemis shown in Figure1.

4. Implementation

This sectiondescribeshow eachstepis realizedfor both
the mobile client and the stationaryserver. The mobile
client is assumedto be a Pocket PC classtype, the server
hasno generalrestrictionandcanbe any type that has3D
hardwareinstalled.

4.1 Client

PocketPCclientscurrentlyhaveaverysmallscreenres-
olution which is usually 240x320pixels and 16bit color
depth. Hardwareaccelerated3D graphicsis not yet avail-
able for Pocket PCs,some2D accelerationchips showed
up recentlyin a few devicesbut arenot a generalrequire-
ment and thereforestill not very wide spread. The well-
known interfacefor text- andgraphicsoutputof Windows,
GDI is also available on Windows CE Pocket PC clients
andcanbeusedin thesamefashionason normalDesktop
PCs. Right now thereis nothinglike DirectX availableon
Windows CE, but for graphicallyintenseapplicationslike
games,Microsoft releasedthe GameAPI (GAPI) [11] for
PocketPCs.ThisGameAPI is very limited andit only pro-
videsdirect accessto the framebuffer for blitting. No ab-
stractoperationsfor drawing primitivesor copying regions
in the buffer areprovided. Thusotherpeoplehave devel-
opedseveral 3rd party libraries[20, 8, 18] which arebuilt
on topof GAPI providing a broaderrangeof functionality.

Interestingto note is the signi�cant performancedif-
ferencebetweenGDI and GAPI, a simple full size back-
buffer clearwith bitblt takesabout21:79msonaiPAQ 3850
Pocket PC2002StrongArm211MHz device. While using

GAPI the sameoperationtakesabout6:14ms. To support
possiblesubsequent2D accelerationin GDI an implemen-
tation for both interfaceshasbeenrealized. For 2D line
rasterizationthewell-known Bresenhamalgorithm[1] was
implementedin GAPI andin GDI the standardPolyLine()
functionwasused.

After each frame has been renderedon the client, a
synchronizationmessageis sentto the server to acknowl-
edgethereceiptof thenext frame. Also stylusinteractions
andbuttoneventswill besentuninterpreteddirectly to the
server.

4.2 Server

In our remoterenderingsolution the server still hasa
lot of work to do. Beforeanything canbedisplayedto the
client, the 3D datahasto be loaded,typically from hard
disk. Its contentis storedin anobjectlist. An objectagain
containsa list of vertices,edges,an index facesetof the
mesh,anda list of faces.After loading,all edgesof each
meshareextrudedandstoredin a correspondinglist. With
thehelpof this edgelist thefeaturelinesof theobjectsare
extracted.

After �nding all the featurelines the next stepfor the
server is to remove all thoselines which arenot visible to
the viewer. We decidedto usean image-spacealgorithm
previously describedby Northrup and Makosian[12]. It
hasthemajoradvantagethat it makesuseof thehardware-
accelerateddepthbuffer of thegraphicscardandtherefore
is very reliableandfast.

In a preprocessingpassall the objectsare renderedin
their normal solid �lled form into the depthbuffer. It is
wiseto usea slight polygonoffsetwhile renderingto avoid
z-aliasingin thenext pass.Next all previously determined
featurelines arerenderedinto depthandcolor buffer with
eachfeatureline having a uniquecolor ID. To ensurethat
thiscolor ID is unaffectedtill rasterizationall lighting com-
putationsshouldbeturnedoff.

Thetransformationof thefeaturelinesto 2D window co-
ordinatesis doneautomaticallywhena3D hardwarelibrary
like OpenGLor Direct3D is used.The only problemis to
get this 2D databack from the library to sendit over the
network to a client. To do this we developedtwo different
methods.

Method I The �rst methodusesa specialfunction only
available in OpenGL– the feedbackbuffer. When using
thefeedbackmodeof OpenGL,primitivesarenotrasterized
like the usualway but rather the dataof the transformed
coordinatesof eachvertex arestoredin a specialbuffer. In
this so-calledfeedbackbuffer they canbereadbackby the
application. For eachfeatureline the transformedstarting
andendingpoint in window coordinatesandeachcolor ID
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Figure 2. Explanation of diff erent types of feature lines. (a) boundaries, (b) silhouettes, (c) ridg es, (d)
valleys, (e) all feature lines combined

is storedin thefeedbackbuffer. In thenext stepthesceneis
renderedin normalrenderingmode.Now thedatafrom the
feedbackbuffer is takenanda scanlineconversionof each
featureline is performed.But insteadof writing pixels to
theimageplane,pixelsarereadfrom thepreviousgenerated
imageand their color is comparedwith the currentcolor
ID. If it matchesthecolor, thecurrentline will be marked
asvisible. Due to occlusion,lines canbe disconnectedby
otherlines. During thescanconversionof theline a visible
segmentwill begeneratedfor eachinterruptionthatoccurs.
At theendall theseline segmentsresamplethevisiblelines,
andtheir start-andendpointsarestoredin a list.

Method II The previous methodrequirestwo rendering
passes,�rst the passfor feedbackmodeand thenanother
passfor renderingthelinesin theoutputimage.(Feedback
modeand normal modecan not be executedat the same
time in OpenGL).Additionally asoftwareline rasterization
is requiredto �nd the visible lines in the output images.
To avoid thedoublerenderingandscanlinerasterizationwe
proposea seconddifferentmethod.In this methodtheout-
put imageis analyzedandthevisible line segmentsarede-
terminedline by line.

For eachrenderedfeatureline thereis a list of visible
segments. If during the scanningof the imagea color ID

Figure 3. Scenario of what might happen
when using bottom up, left to right scanline
scanning for �nding visib le line segments.

is found it will �rst bechecked if thereis alreadya visible
segmentof thecorrespondingfeatureline belongingto this
color ID. Whenthereis alreadya segmentbelongingto the
line thepixel will be testedif it bordersthe last foundseg-
ment.In caseit does,thesegmentis extendedby thecurrent
pixel position.Otherwiseif thereis no segment,or thelast
segmentis too farawaya new segmentis inserted.

There is a certain problem when scanningthe image
from bottomto top andleft to right with lines that have a
slopesmallerthanzeroandgreaterthanminusone. Fig-
ure 3 shows sucha scenario.In this �gure a segmenthas
beenfoundat the bottomline, but themarkedpixel of the
next line is too far away from themarkedpixel of thecur-



Table 1. Comparison of the ef�cienc y between
Method I and Method II for getting the 2D line
data.

Numberof Lines 230 820 1530 2400
Ratiom1=m2 1.53 0.97 0.42 0.37

rently found segment. In this caseunnecessarysegments
might be introduced. To avoid theseunwantedsegments,
�rst all segmentsof eachline are temporarilystoreduntil
the endof the currentscanlineis reached.Afterwardsall
temporarysegmentsareconnectedto eachother. Alterna-
tively it is possibleto checkthecurrentsegmentaftereach
extensionto seewhetherit canbeconnectedto theprevious
one.

Dependingonthenumberof featurelineseithermethodI
or methodII is faster. Table1 showstheproportionbetween
thetwo methodsfor differentnumbersof lines.

To reducethenetwork bandwidthevenfurther it is wise
to merge single lines to polygon lines if possible. To do
thistheninenearestneighboringpixel of eachline endpoint
aretestedin therenderedimageif they containapixel with
a differentcolor ID. If a pixel with a differentcolor ID is
found,andthecorrespondingline is notyetpartof thepoly-
line the locationof its endpointsare tested. If oneof the
endpointslies also in its 3x3 pixel neighborhoodthe line
will beaddedto thepoly line group.

Afterwardsthepolylinesresultingfrom this processcan
be simpli�ed by using a techniquedescribedby Douglas
andPeucker [4].

5. Resultsand Discussion

Theservercomponentof our remoterenderingarchitec-
tureis implementedin OpenGLusingC++ andrunson the
Win32 platform. A minimal GUI wasimplementedon the
server to provide theusersomecontroloptionsfor render-
ing. For examplethe usercandecideon the server which
featurelinesshouldbeextracted.It alsohasacontroloutput
viewport andsomeadditionalstatisticslike currentframes
persecond,connectedclient IP, etc.

The client hasbeenimplementedin EmbeddedVisual
C++ 3.0 and runs on all Pocket PC 2000 and Pocket PC
2002compatiblemachines.A renderinginterfacefor GDI
andGAPI [11] isprovidedandtheusercanchooseatstartup
which interfaceshouldbe used. Whenthe client connects
successfullyto the server it switchesto full screenmode.
Basicnavigation like rotate,zoomandtranslatehave been
implementedusingstylusandbuttoninput.

To testtheperformanceof ourremoterenderingsolution,

Table 2. Frame rates achieved on the mobile
client with diff erent netw ork settings.

Scene FPS # Line TxRate
GAPI GDI (in MBit)

Bunny 30 (23) 16 (-) 270 11 (1)
Tree 13(7) 4 (-) 3500 11 (1)
Liberty 19 (10) 5 (-) 1500 11 (1)

threedifferent3D sceneshavebeenexamined,eachof them
having different characteristics.The �rst scene(seeFig-
ure4(a))usesa modelof thewell known StanfordBunny;
it has27808verticesand52649faces.Its featurelinesba-
sically consistof silhouettesanda few borderlinesleading
to veryfew lines.Thesecondscene(seeFigure4(b))usesa
treemodelwith leafs,it contains32992verticesand20352
faces.Dueto themany leafs,thescenecontainsalot of bor-
der featurelinesandsilhouettes,leadingto a high number
of 2D lines.Thelasttestscene(seeFigure4(c)) is a model
of the Statueof Liberty, it has19006verticesand 37186
faces. The line representationcontainsa high amountof
borderandvalley lines. The overall 2D linesper frameto
representthe individual scenesdependlargely on the cur-
rentviewpoint. In thecaseof thebunny it is approximately
270linesin average,for thetreescenearound3500,andfor
theliberty about1500lines.

Table2 showsthereceivedframeratesonaniPAQ 3850
Pocket PCusinga 802.11bWirelessNetwork adapterrun-
ning �rst with a TxRateof 11Mbit. In a secondtestrun the
accesspointwasarti�cially sloweddownto a1Mbit TxRate
to testa slower network scenario,expectingsimilar perfor-
manceof thenext generationof wide-areamobilenetworks,
for exampleUMTS. A PentiumIV 2.8GHz with a Radeon
9700PrographicsboardandrunningWindowsXP hasbeen
usedasserver.

As canbe seenfrom the numbers,in the “high” band-
width casethe limitation in framerateson the client does
notseemto relateto thenetwork bandwidth,but ratherhow
fasteithertheserver canproducethenecessarylinesor the
client canactuallydraw them.This is a niceindicationthat
ourapproachis goinginto theright direction,by shiftingthe
problemsof remoterenderingfrom theusualnetwork band-
width issueto otherareas.Theseproblemsaremorelikely
to besolvedwith thenext generationof hardware,because
CPU and GPU power increasesa lot fasterthan network
bandwidth.Also it canbeseenthattheperformancegapbe-
tweentheGAPIandtheGDI implementationincreaseswith
thenumberof lines,thathaveto bedrawn at eachframeon
theclient. TheGDI implementationde�nitely seemsto be
abottleneckright now. It will beinterestingto seeif mobile



Table 3. Amount of time spent on the server
for each task for the three diff erent test sce­
narios.

Task Time(� in ms)
Bunny Tree Liberty

Silhouettedetection 6:0 1:8 1:5
Visibility 5:6 15:0 30:0
ExtractPoly lines 1:1 3:4 11:9
Simplify 0:4 0:4 3:4
PackageData 0:3 0:4 4:7

deviceshaving a 2D acceleratorinstalledcanclosethis gap
or evensurpasstheGAPI implementationin thefuture.

With the decreasednetwork bandwidthof 1Mbit/s, the
systemis likely running into the point wherethe network
is actuallythe limiting factor. However, 7-23 FPSarestill
respectableframeratesandlie in aninteractive range.This
meansoursolutionshouldperformquitewell with next gen-
erationmobilewide-areanetworks.

To examinetheperformancedrainin thehighbandwidth
casewe pro�led theserver to checkwheremostof thetime
is spent. Table3 shows the resulting�gures. The timings
uncoversomeinterestingbehavior. In thecaseof thebunny
andthetreescenery, thelimitation appearsclearly to beon
theclientsability to draw the2D lines.(Thetotalprocessing
time for the bunny is � 13:5ms andfor the tree � 21ms
resultingin possibleachievable frame ratesof � 74 FPS
and� 48 FPS)But in the third scenarioit seemsthat the
limitation lies actuallyon the server itself and not on the
client. Thetotal timespentontheserver is around50msper
framewhichis about20FPS.Thisis alsoapproximatelythe
numberof framesreceivedby themobileclient.

Not surprisinglymostof the time on theserver is spent
eitheron visibility checkingor silhouettedetection. Note
that the times for visibility checkinginclude a readback
from the framebuffer. This operationtakes with basic
glReadPixels� 2:8ms on the Radeon9700Proand �
1:7mson theGeforceFX 5800. Furtherincreasemight be
expectedby usingspecialAGPmemoryareas.

Thereis alsostill room for improvementson the client
side.First choicewould beto usea fasterline algorithmor
strategiesdescribedby Chenetal. [3]. Also astheclienthas
2D vectordatasometransformationoperationscould – to
someextent– becompletelydoneon theclient (like trans-
lating and scaling)without requestingnew datafrom the
server. Right now this function is not exploited but could
becomequiteusefulif themobileclient runsinto anetwork
signalloss.It mightbeinterestingto investigatespecialline
compressionschemesto furtherreducenetwork load.Right

now we only have testedLZO compression,that leadsto a
reductionof databy just3%. Otherpossibilitiescouldbeto
usedifferentprimitive typesfor examplecurved represen-
tations.

Anotherissuewhichshouldbeaddressedin thefutureis
aliasing.Aliasing is averypressingchallengeespeciallyon
small screenswhereit becomesquitenoticeable.Unfortu-
natelyoncurrentgenerationof mobiledevicestherearenot
enoughresourcesleft to copewith theseproblems.

As conclusionwe think that renderingand transfering
vectordatawill in thelongtermbeabettersolutionthanthe
commonimage-basedremoterenderingsystems,especially
with upcomingnew displaysfor mobiledevices,thatallow
full VGA or evenSVGA resolutions.
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Figure 4. The three diff erent test scenarios in their line representation. (a) Stanf ord Bunn y model, (b)
tree model, (c) Statue of Liber ty

(a) (b)

Figure 5. Two images sho wing our system actuall y running on the mobile client. (a) Statue of Liber ty
model on a iPAQ 3850. (b) Stanf ord Bunn y on a Toshiba e740


