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Abstract

This paper presentsan extendable, simple, and
efcient software framewvork that implementsthe
GPU-basedolumerenderingpipeline. We usevol-

ume graphicsfor realistic image synthesistaking

into accountaspect®f visual perceptiorby means
of real-timehigh dynamicrangetonemapping.We

proposeasoftwarearchitecturehatembedghevol-

umerenderingpipelineby usingobject-orientedie-
sign patterns,layers, and the conceptof a shared
applicationstate. The pipelineis made e xible by

representingtagesas objects,loosely coupledvia

thesharedstate.We demonstratéhebene tsof our

architecturén amodernvolumerenderingapplica-
tion thatincorporatesstate-of-the-arfeaturessuch
aspre-intgration,pre-intgratedighting, andvolu-

metricshadavs. Thefull sourcecodeof ourframe-
work is madepublicly available.

1 Intr oduction

Volume renderingis widely usedin mary elds
of application, ranging from direct volume visu-
alization of scalar elds for engineeringand sci-
encesto medicalimagingand nally to therealis-
tic renderingof cloudsor othergaseouphenomena
in visual simulationsor for specialeffects. In re-
centyears texture-basedolumerenderingon con-
sumergraphicshardwarehasbecomea popularap-
proachfor direct volume visualization. The per
formanceandfunctionality of GPUs(graphicspro-
cessingunits) have beenincreasingrapidly while
their priceshave stayedattractve. Therefore GPU-
basedvolume graphicshasbecomea standardap-
proachfor all classe®f platforms.

Among differentvariationsof GPU volumeren-
dering,textureslicing is mostwidely usedandwell
understood.From a software-engineeringoint of
view, it is importantto structurevolumerendering
in theform of awell de ned pipeline. The goal of
this paperis a e xible, extendableandsimplesoft-
wareframework thatimplementsa pipelinefor vol-
umerenderingon the GPU. An importantobjective
is anef cient realizationthat may malke useof the
latestGPU featuresin orderto achieve interactve
rendering.The contritutionsof this paperare: (A)
The constructionof a comprehense GPU volume
renderingpipelinethatcombinedraditionalvolume
renderingtechniquesvith conceptf realisticim-
agesynthesisj.e., a physicallybasedsimulationof
light transportin conjunctionwith aspectsof vi-
sual perception. (B) An appropriatesoftware ar
chitecturefor the frameawork, basedon established
software designpatterns. (C) A full implementa-
tion of state-of-the-atGPUvolumerenderingech-
niqueswhichincludesrecentdevelopmentsuchas
pre-integgratedclassi cation, pre-integratedillumi-
nation,andvolumeshadwing. (D) High dynamic
range(HDR) imagingwith real-timetonemapping,
which hasnot beenusedpreviously for volumevi-
sualization. (E) Sourcecodefor a fully functional
implementatiorof the framework for Direct3D.

2 PreviousWork

Volume renderingis a well-establishedand active
eld in visualizationand computergraphics. A
comprehense overview is given by Kaufmanand
Mueller [11]. P ster [23] presentsa more spe-
ci ¢ suney of volumerenderingon graphicshard-
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ware. An early exampleof 3D texture-baseden-
deringis viewport-alignedslicing accordingo Cul-
lip and Neumann[4] and Cabralet al. [3]. More
recentresearclon texture-based/olumerendering
has led to advancedvolumetric illumination and
shadingechniguesmostof whichrely onadwanced
perfragmentprocessingn graphicshardware;see,
e.g.,thework by WestermanrandErtl [29], Rezk-
Salameetal.[25], Engeletal. [7], Knissetal.[13],
Lum etal. [18], andHadwigeretal. [10].

Besides texture slicing, other prominent ap-
proachego volumerenderingareray casting[17],
splatting[30], andsheatwarprendering[16]. Ray
casting, in particular has recently attractedin-
creasedttentionbecausét hasbecomefeasibleon
GPUs[26, 15, 27].

GPUvolumerenderings partof mary commer
cial softwareproductg(e.g.,in medicalimaging)or
numerousresearchprototypes. Typical examples
for larger systemsare OpenGLVolumizer[2], the
OpenQ\s project[20], or the volume nodeof the
OpenSJ21] sceneyraph.

Realisticimagesynthesisjn general hasto take
into accounperceptualssuesn additionto asimu-
lation of light transport.The comprehensk frame-
work by Greenbeg etal. [9] is thebasisfor our ap-
proachto a pipelinefor realisticvolumerendering.
In particular visual perceptioris consideredy ap-
plying tonemappingoperatorg5].

Softwareengineerings the eld of computersci-
enceconcernedvith the technologiesandmethod-
ologiesinvolved in creatingand maintainingsoft-
ware. Early works on modularizatiorandinforma-
tion hiding in software developmentwere carried
out by Parnas[22]. A comprehense collection
of object-orientedsoftware designpatternsis pre-
sentedn the seminalwork of Gammeaetal. [8].

3 Volume Rendering Pipeline

3.1 Mathematical Model

Thestandardpticalmodelfor volumerenderings
basednthevolumerenderingntegral

.2
(D)= 1oT(to)+ oOTOd ; (1)
to

as describedin the suney article [19]. The term
lo representghelight enteringthe volumefrom the

backgroundat the positiont = tg; 1(D) is theradi-
anceleaving thevolumeatt = D and nally reach-
ing thecameraTransparencT is de ned

]
t(t9 dt®
Tt)=e t ©

Theintegralfrom Eq. (1) is typically approximated
by a Riemannsumover n equidistantsegmentsof

lengthDx= (D tp)=n. Thisapproximatioryields
i aooa

(D) 1LbOt+ag Ot ; 2
i=1 =1 =i+l

wheret; = exp( t(iDx+ tp)Dx) andg; = g(iDx+
tp) Dx arethetransparenctermandsourcetermfor
theith sggment,respectiely.

3.2 GenericVolume Rendering Pipeline

The computationof the volume renderingintegral
can be split into several subsequenstagesof the
volumerenderingpipeline.Accordingto thesuney
articleby P ster [23], thefollowing stagesirecom-
monly foundin volumerenderingtechniquesdata
traversal(pipelinestageps), interpolation(py), gra-
dientcomputation(ps), classi cation(ps), shading
(ps), andcompositing(pg)-

During datatraversal, resamplingpositionsare
chosenalongviewing rays. 3D texture slicing, for
example, usesimage-alignedslices [3, 4] as 2D
proxy geometryto constructresamplingpositions.
An interpolationschemeis applied at theseposi-
tionsto reconstructhe datasetitlocationsthatdif-
fer from grid points. A typical reconstructionl-
teris basedbn built-in trilinear interpolationwithin
3D textures. Gradientsof a discretizedvolumetric
datasetretypically approximatedby usingdiscrete
gradient Iters, suchas centraldifferencesor the
Sobeloperator Gradientsanbe pre-computecnd
storedalongwith the scalardata(in RGB andalpha
channelsrespectiely).

Classi cation mapspropertiesof the dataseto
optical propertiesfor the volumerenderingntegral
accordingto a transferfunction. The classi cation
typically assigndiscretizedoptical propertiesthat
arecombinecasRGRA values.Volumeshadingcan
beincorporatednto transferfunctionsby addingan
illuminationterm (e.g.the Blinn-Phongmodel).

Compositings the basisfor theiterative compu-
tation of the discretizedvolume renderingintegral
(2). Both front-to-backandback-to-frontstratejies
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Figurel: GPU-basedolumerenderingpipeline

with theirrespectre compositingequationsemploy

alphablending. We support oating-point texture
formatsto avoid quantizationproblemsand, at the
sametime, allow for a high dynamicrangeof radi-

ancevalues.In additionto alphablending,anumber
of alternatve approachemaybeused suchasmax-
imum intensity projection(MIP) or weightedsum
projections.

The volume rendering pipeline implementsa
physicalsimulationof light transporwithin partici-
patingmedia,neglectingmultiple scattering Sucha
simulationneed€o becombinedwith aperception-
oriented nal displayin orderto achieve a realis-
tic looking image[9]: Essentiallya nal mapping
from animageof the resultingphysicalsimulation
(i.e., radiancevaluesper pixel) with its own (possi-
bly high) dynamicrangeto thelowerdynamicrange
of typical display devices hasbe to addedto the
core volume renderingpipeline by meansof high
dynamicrangetonemapping.

3.3 GPU-BasedVolume Rendering
Pipeline

Performingvolume renderingon a GPU requires
an appropriatemapping of the volume render
ing pipeline stagego the programmableendering
pipelineasimplementedbn modernGPUs. Thear-
chitectureof the GPU pipelineleadsto the follow-
ing coarsemapping:

1. proxy geometrygeneration(p1), as input to

GPUgeometryprocessing

2. actualrenderingof the volume (p2 to pg), as

partof GPUfragmentprocessing

3. high dynamicrangetone mapping,as an ex-

ampleof GPU-basedmageprocessing
Although the secondstagecomprisesseveral ele-
mentsof the genericvolumerenderingpipeline, po
to ps could still be separatednto distinct shader
componentsfor example by relying on function
callsin highlevel shadinganguages.

In our framewvork the GPU volume rendering
pipelineis segmentedmore nely into eightstages
asshowvn in Figure 1. FloatingPointRenderarget
switchesthe GPU to a oating-point rendertarget

in the caseof active high dynamicrangetonemap-
ping. The proxy geometrygeneratiorstagefor vol-
umesamplingonthe GPUis dividedinto VolumeS-
licer and Slice®sselator VolumeRenderingAlgo-
rithms is the stagewhere actual renderingalgo-
rithms are executed. We have implementedclas-
sical back-to-frontvolume rendering[3, 4], vol-
umerenderingwith pre-intgratedclassi cation[7],
interpolatedpre-integratedlighting [18], and vol-
umetric self-shadwing [12]. The tone mapping
stageconsistsof HDRLuminancewherethe lumi-
nanceof therenderedHDR imageis computedand
the actualtone mappingoperatorusing the result
of the previous stage. Due to the e xibility of our
softwareframeavork, additionalstagesanbe easily
addedto the pipeline. For example, we have in-
cludedthe stagesBoundingBoxRender andSlice-
OutlinesRender for corvenience.

So far we have dealt with the processesn-
volvedin therenderingof a volume. Whatremains
is to nd appropriaterepresentation$or the data
on which the volume renderingpipeline operates
aswell asefcient protocolsfor interoperationof
pipeline stages. We proposesolutionsto theseis-
suesin thefollowing two sections.

4 Software Layers

Sincemodernvolume rendererdgncorporatea va-
riety of componentsand renderingalgorithms,an
architecturenasto be devised, thatwill effectively
handletheresultingcomplity of the software.
Moreover, thearchitectureshouldallow usto add
newv componentsvith minimumeffort, thusencour
agingtheimplementatiorof advancedfeaturesand
most importantly embracingwhat is inevitable in
mostsoftwareprojects:frequentchanges
Following theprincipleof sepaation of concerns
[6], ourrenderetis dividedinto threelayers:
Applicationlayer, responsiblefor application
logic and interaction through the graphical
userinterface.
Data layer, storingscalarvolumetricdataand
all derived data(e.qg. histogram transferfunc-
tion).
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Renderingalgorithmslayer, groupingall com-
ponentgdealingwith renderinga visual repre-
sentatiorof thevolume.
It is not mandatory though, to have a direct
representationf theselayersin sourcecode. Their
purposeis more of a guiding natureas to which
tasksareperformedwherein the software,improv-
ing codequality andfacilitatingmaintenance.

5 Shared Application State

Encapsulatiorand organizationin layersinvolves
the issueof sharingdata betweensoftware com-
ponents. Sincethe task of renderingthe volume
is sggmentedinto stagesof the volume rendering
pipeline,the waysin which subsequenstagesde-
pendon results of previous stagesare manifold.
This is even moreso the casewhenthe pipelineis
intendedto be e xible andextensible.

5.1 Drawbacks of Tight Coupling

We considetthe exemplarycaseof a C++ classthat
manages pre-intgrationlookup texture. Clearly,
in orderto allow otherclassego bind the texture
this classmustprovide someaccesso it:
class CLookupTexture {
public:

PtrToTexture GetPTex () {

return m_pPreintTex ; }

private:

PtrToTexture m_pPrelntTex ;};

Thus, classesn which the pre-intgration texture
is usedwill needknowledge of the existenceof
CLookupTexture  (by statically including the
appropriateheaderand storing a pointerto anin-
stance)yndits interface. This concepts referredto
astight coupling

As the software evolves, the decisionmay be
madeto renameCLookupTexture  andits source
les into CPrelntegration and the access
function into GetPPrelntTex() For all de-
pendentlasses differentheademustnow bein-
cluded,the pointerto the classinstancemustbere-
typed, andthe call to the accessunction mustbe
renamed.

Tight coupling producesone—to—may depen-
denciesthroughoutthe entire software. This in-
creasesompleity, exacerbategnaintenanceand
malkesextendingthe softwarea tedioustask.

5.2 Loose Coupling through the Shared
State

To gain e xibility it is desirableor classeso bede-
coupledfrom eachother Picking up our example,
classesdinding the aforementionegbre-intayration
texturemerelyrequireavalid pointertoit. Informa-
tion asto which classmanageshe textureandhow
to gainaccesgo it is essentiallyof no concern.

Indeed, decouplingmay be achiezed by intro-
ducing a shaed applicationstate This is a class
thatstoresa copy of sharedclassvariables provid-
ing consistentaccesgo them (hencemakingthem
statevariables). The sharedstateseresasa con-
nectorbetweersoftwarelayersandcomponentsef-
fectively reducingone—to—may dependenciethat
would otherwiseoccurthroughoutheframevork to
one—to—onalependenciesAll information neces-
saryfor componentso interoperateanberetrieved
from thesharedstate whichthusdecouplesompo-
nentsandmalesthemre-usable.

The resulting software architectureincluding a
sharedapplicationstateis illustratedin Figure2.

5.3 BroadcastingState Changes

By introducingthe sharedstate classdependencies
may be effectively reduced. However, an indirect
form of dependengcremains,namelythat of state
changes Oftenenoughit is crucial thatdependent
classesregiventheopportunityto reactto changes
of acertainstatevariable.
Sincevolumerenderingstrivesto be a real-time
application,actively polling all statevariablesfor
changess not feasible. Fortunately software en-
gineeringhasa solutionthat solvesthis issuequite
elegantly: Usingthepublishersubscribe(a.k.a.ob-
sener) designpattern[8] allows dependentlasses
to beinformedwhenstatevariablesarechangedin
this designpattern,a publisherholdsa list of sub-
scribergo benoti ed in theeventof a statechange.
In our contect thesharedstateuniquelyidenti es
eachstatevariableand allows componentgo sub-
scribespeci cally to changesf certainvariables.
Figure3illustratesthis noti cation scheme.

5.4 A Practical Example

Before going into implementation details we
demonstraten exemplaryrun throughthe volume
renderingpipelineto illustratehow looselycoupled
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Figure 2: Architecturaloverview of our framework. Arrows indicatethe o w of information between

components.
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Figure3: Publishersubscribenoti cation scheme.

componentsnay interactthroughthe sharedappli-
cationstate:

At rst, if tone mappingis activated, Floating-
PointRenderarget switchesthe GPU to an off-
screen oating-point rendertarget and updateshe
pointer to the texture associatedo it, storedin
a statevariable de ned by the sharedapplication
state. All subscribingcomponentsare noti ed of
this changeandmayreactaccordingly

Then, with the current sampling distanceand
viewing directionprovided by the sharedstate Vol-
umeSlicercreatesa setof view-alignedproxy slice
polygonsthat cut the volume. The pointer to a
buffer holding slice polygonsis also storedin the
sharedstate.

Slice®sselatorthentesselateshe polygonsand
createsvertex andindex buffers accordinglyusing
thepointerto the slice polygonbuffer. The pointers
to boththevertex andindex buffersareagainstored
in thesharedstate.

Now, a classimplementinga volume render
ing algorithm(say pre-integratedvolumerendering
with lighting) rendergthe volumeinto the oating-
point rendertarget. It usesthe vertex and index
buffer for proxy slicestogethemwith thelighting di-

rection which was previously storedin the shared
statethroughuserinteractionwith the application.

If actvated, BoundingBoxRender rendersa
boundingbox aroundthe the volume. If activated,
SliceOutlinesRender createsan own index buffer
andrenderghe outlinesof theslice polygonsusing
the pointerto the slice polygon buffer setby Vol-
umeSliceandthe pointerto the vertex buffer setby
Slice®sselator

HDRLuminance computesthe luminance for
eachpixel of the renderedmage and log-average
luminanceof the entire scene. Both are storedin
texturesto which the pointeris setin the shared
state. Finally, the tone mappingoperatomperforms
its task,usingthe averageandpixel luminancetex-
turesprovided by the sharedstate.

6 Implementation Details

Our implementationis basedon the C++ pro-
gramminglanguageandusesDirect3D asgraphics

API. The full source code is available from
http://www.vis.uni- stuttgart.de/
texvolrend

6.1 Shared State

The shared state de nes an enumerator that
uniquelyidenti es eachstatevariableit stores.This
enumeratoris usedasthekey for an STL hashmap
that storesboth the locationin sharedstatemem-
ory and the size in bytes of each statevariable.
Statevariablesare not storedas classvariablesin
thesharedstate.Dependingonits size,memaoryfor
eachstatevariableis allocatedn the constructar
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Therearetwo reasongor handlingstatevariables
this way: Firstly, asthe sharedstate merely acts
asaninterposedcontainerfor statevariables,type
informationis of no concernto it. Secondly by
treatingstatevariablesasmerechunksof data,it is
straightforvardto provide accesso themthrougha
simplegetterandsetterinterfacefunction,indepen-
dentof theirtype.

Whensettinga statevariable,the caller provides
the identi er of the variable and a pointer to the
locationin memoryfrom whereto fetch the new
value. Togetherwith the information storedin its
hashmapthe sharedstatemay thencopy the new
valueto the correctpositionin sharedstatemem-
ory. Retrieving a statevariableis carriedout analo-
gously: The sharedstatecopiesthe valueof a state
variableto thelocationprovided by the caller.

The interface functions establishan additional
level of abstractiorbetweenclasses.Provided that
they arede ned, thereis no needto communicate
with other objectsin order to retrieve state vari-
ables. They may be accessedhroughthe shared
state thuseffectively decouplingobjectsfrom each
other A pleasantside effect of identifying state
variablesthrough an enumeratotis that theseare
checledduringcompilation.Thereforejt isimpos-
sibleto passanidenti er for a statevariablethatis
notde ned.

To allow classego registerfor changesf spe-
ci ¢ statevariables, vectors of pointersto sub-
scribersarestoredin a hashmap. The sharedstate
provides a subscriptioninterface and additionally
noti es subscriberdn the event of a changeof a
statevariable, which occurswhen the setterfunc-
tion is called. Subscriberprovide a consistenin-
terfaceto receve noti cation of statechanges.As
an updateprotocol the pull methodis employed,
i.e., subscribersare merely informed of the event
of a statechange the new value mustthen be re-
trieved actively. The pull methodensureghat the
sharedstatedoesnotneedfurtherinformationabout
its subscribers.Otherwisedependenciewsould be
concentrateih thesharedstate destrging theben-
e ts gainedthroughthis architecture.

6.2 Volume Rendering Pipeline

Stagesof the volume renderingpipeline sharethe
samebaseinterfacePipelineStage, which provides
a common interface function PerformAction by
which they may be triggeredindependentiyof the

task they perform. PipelineStge is derived from
GpuBasethe baseclassoffering a consistentnter-
facefor componentsisinghardware-dependerre-
sources.

Each pipeline stage managesits hardvare re-
sourcesndependenthand offers dependenstages
accesso themvia thesharedstateif necessaryRe-
sourcesarecommonlyallocatedvhentheDirect3D
device is createdand deallocatedn the classde-
structor Stagesusingthe GPU vertex or fragment
shadeunitshave anassociatetiLSL effect le that
describesheshadeprograms.

The pipeline stagesare managedin the class
WlumeRenderingPipelinevhich storesthemin an
STL vectorandsequentiallycalls their PerformAc-
tion interfacefunctionto renderthevolume.

7 Results

Figure5 shaws high quality imagesproducedwith
our renderer Volumetric shadavs are visually
pleasingand addimportantvisual cuesto the ren-
dering. Figure 6 shavs how a renderingwith an
overly bright speculatighlightis mappedo adis-
playablerangeby Reinhards global tone mapping
operator[24], as provided by the currentDirectX
sampleframenork.

A completeperformanceanalysisof our frame-
work would exceedthe scopeof this paper To give
an impressionof the performance:Renderingthe
256° headdataseto a640 480viewportwith one
slice per voxel, we achieve roughly 12:5 Hz with-
out and 7:5 Hz with pre-intgyratedclassi cation.
With the samesettingsinterpolatedpre-integrated
lighting performswith 3:2 Hz. Volumetricshadav-
ing combinedwith interpolatedpre-integratedight-
ing achieres2:7 Hz. Tonemappingapproximately
costsan additionalframepersecond.All measure-
mentswheredoneon a 2:8 GHz PentiumlV ma-
chinewith anNVidia GeForce6800graphicscard.

Thearchitectureof our framevork makesit very
easyto incorporatenen componentand features.
From our experience settingup a new stagein the
volumerenderingpipelineandproviding it with all
relevantdatafrom thesharedstatebecomestrivial
taskthattakesaslittle asa few minutes. We suc-
cessfullyusedthe framework during our research
on realistic volume graphics,which requiredfre-
guentchangeso therenderingprocess.
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8 Discussion

Our proposedsharedapplicationstateis relatedto
the mediatordesignpattern[8]. The mediatorpat-
tern also decouplescomponentsrom each other
by making them dependenbnly on the mediator
androutingrequestdetweercomponentsThema-
jor differencebetweenthe two patternsis that the
sharedstatedoesnot concentrateénteractionpro-
tocolsandthusis not likely to becomemonolithic
and complex itself. At the sametime this males
the sharedstateappropriateonly wheninteraction
protocolsarenotoverly comple, whichis thecase
within the volumerenderingpipelinewherewe do
have mary yetwell de ned dependencies.

Despiteall adwantagesof the sharedstate, the
achieved e xibility comesata price. Certaindraw-
backsshouldnotremainunnamedThe rst issueis
oneof redundanyg: For reason®f safetytheshared
statestoresacopy of eachstatevariable whichcon-
sumesadditionalmemory In our implementation
thesharedstateallocatesnemoryfor statevariables
in theorderof 1 kb, whichwe considettolerable.

Furthermoretheissueof ownershipof statevari-
ablesremainsunaddressedin the presentedgetup
ary classmay modify a statevariable, regardless
whetherthis males senseconceptuallyor even is
desirable. As a very simple solution, storing a
pointerto the owner of eachstatevariableappears
imaginable. Classeswould then register as own-
ers and the setterfunction would be extendedto
demandthe this-pointerof the calling classin or-
der checkfor ownershipbefore allowing to seta
statevariable. Of course,more sophisticatecoli-
ciesmight alsobe exerted. For the sale of simplic-
ity anddueto the scienti ¢ natureof this work we
have choserto rely on programmediscipline.

Another pitfall is type safetyand datavalidity.
To malke the getterandsetterfunctionsindependent
of the type of the statevariable,a void pointerto
the locationof the valueis passed.This ultimately
makes type checkingimpossible. Moreover, if an
invalid addresss passedruntimestability is put at
risk whendatais readfrom, or written to, this ad-
dress. Templatedcall-by-value interfacefunctions
usingtypelistsasshavn by Alexandresciil] might
beasaferbut alsomoreinvolvedalternatve.

Lastly, the setof statevariablesis static, which
may be perceved asa disadwantage. On the other
hand, allowing to dynamically register statevari-

ablesentailsclasseshaving to checkfor the exis-
tenceof ary variablethey dependn, therebynulli-
fying the advantagegainedthroughdecoupling.

In termsof software engineeringone may cer
tainly argueaboutthe eleganceof our implementa-
tion of the sharedstate. Sincethe ervisioned eld
of applicationis scienti ¢ researchvheresafetyand
stability is not the main focuswe considerthis as
tolerable. We agreethat for productionsoftware
saferimplementationshouldbefound.

9 Conclusionand Futur e Work

We have presenteda framevork for modernvol-
ume renderingapplicationsimplementingthe vol-
ume renderingpipeline on the GPU. While other
framavorks implementa broadrangeof features,
they arevery comple to understandndnot easily
extended. Our proposedramenork with its novel
architectureis explicitly designedo be extensible
with minimum effort, makingit very easyto incor
poratenew featuresandrenderingalgorithms. To
prove the applicability of our architecturewve have
implementedvolumerenderewvith state-of-theart
featuresincluding high dynamicrangetone map-
ping, which haspreviously not beenappliedto vol-
umevisualization.

We offer the sourcecode of our framevork as
a starting point for future researchgspeciallyfor
researcheshat are new to volumerendering. We
hopethatwith the simplearchitectureof our frame-
work, researchersiill feel encouragedo incorpo-
rateandexchangesourcecodedirectly, makingnew
approacheeasilyaccessibléy others.

Possible future work could include the im-
plementationof adwanced techniqueswithin our
framework, e.g., deferred ltering [14], deferred
shading[10], multidimensionaltransferfunctions
[12], multiple scatteringof light [13], andvolume
clipping [28].
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Figure4: At the samesamplingdistance pre-intgyratedclassi cation (right) producesar fewer sampling
artefctsthantraditionalslicing (left).

Figure5: Volumetricshadavs (right) addimportantvisual cuesandproducevisually pleasingmages.For
comparisorthe samescends depictedwithout shadaing ontheleft.

Figure 6: With Reinhards global tone mappingoperatoy an imagewith overly bright regions (left) is
mappedo a displayableangeat interactive rates(right).

666



