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Abstract

This paper presentsan extendable, simple, and
ef�cient software framework that implementsthe
GPU-basedvolumerenderingpipeline.Weusevol-
ume graphicsfor realistic imagesynthesistaking
into accountaspectsof visualperceptionby means
of real-timehigh dynamicrangetonemapping.We
proposeasoftwarearchitecturethatembedsthevol-
umerenderingpipelineby usingobject-orientedde-
sign patterns,layers,and the conceptof a shared
applicationstate. The pipelineis made�e xible by
representingstagesasobjects,looselycoupledvia
thesharedstate.Wedemonstratethebene�tsof our
architecturein a modernvolumerenderingapplica-
tion that incorporatesstate-of-the-artfeaturessuch
aspre-integration,pre-integratedlighting, andvolu-
metricshadows. Thefull sourcecodeof our frame-
work is madepublicly available.

1 Intr oduction

Volume renderingis widely used in many �elds
of application, ranging from direct volume visu-
alization of scalar�elds for engineeringand sci-
encesto medicalimagingand�nally to the realis-
tic renderingof cloudsor othergaseousphenomena
in visual simulationsor for specialeffects. In re-
centyears,texture-basedvolumerenderingon con-
sumergraphicshardwarehasbecomea popularap-
proachfor direct volume visualization. The per-
formanceandfunctionalityof GPUs(graphicspro-
cessingunits) have beenincreasingrapidly while
theirpriceshavestayedattractive. Therefore,GPU-
basedvolumegraphicshasbecomea standardap-
proachfor all classesof platforms.

Amongdifferentvariationsof GPUvolumeren-
dering,textureslicing is mostwidely usedandwell
understood.From a software-engineeringpoint of
view, it is importantto structurevolumerendering
in the form of a well de�ned pipeline. Thegoalof
this paperis a �e xible, extendable,andsimplesoft-
wareframework thatimplementsapipelinefor vol-
umerenderingon theGPU.An importantobjective
is anef�cient realizationthatmaymake useof the
latestGPU featuresin order to achieve interactive
rendering.Thecontributionsof this paperare: (A)
Theconstructionof a comprehensive GPUvolume
renderingpipelinethatcombinestraditionalvolume
renderingtechniqueswith conceptsof realisticim-
agesynthesis,i.e.,a physicallybasedsimulationof
light transportin conjunctionwith aspectsof vi-
sual perception. (B) An appropriatesoftware ar-
chitecturefor the framework, basedon established
software designpatterns. (C) A full implementa-
tion of state-of-the-artGPUvolumerenderingtech-
niques,whichincludesrecentdevelopmentssuchas
pre-integratedclassi�cation, pre-integratedillumi-
nation,andvolumeshadowing. (D) High dynamic
range(HDR) imagingwith real-timetonemapping,
which hasnot beenusedpreviously for volumevi-
sualization.(E) Sourcecodefor a fully functional
implementationof theframework for Direct3D.

2 PreviousWork

Volume renderingis a well-establishedandactive
�eld in visualizationand computergraphics. A
comprehensive overview is given by Kaufmanand
Mueller [11]. P�ster [23] presentsa more spe-
ci�c survey of volumerenderingon graphicshard-
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ware. An early exampleof 3D texture-basedren-
deringis viewport-alignedslicingaccordingto Cul-
lip andNeumann[4] andCabralet al. [3]. More
recentresearchon texture-basedvolumerendering
has led to advancedvolumetric illumination and
shadingtechniques,mostof whichrely onadvanced
per-fragmentprocessingin graphicshardware;see,
e.g.,thework by WestermannandErtl [29], Rezk-
Salamaetal. [25], Engeletal. [7], Knissetal. [13],
Lum et al. [18], andHadwigeret al. [10].

Besides texture slicing, other prominent ap-
proachesto volumerenderingareray casting[17],
splatting[30], andshear-warp rendering[16]. Ray
casting, in particular, has recently attractedin-
creasedattentionbecauseit hasbecomefeasibleon
GPUs[26, 15,27].

GPUvolumerenderingis partof many commer-
cial softwareproducts(e.g.,in medicalimaging)or
numerousresearchprototypes. Typical examples
for larger systemsareOpenGLVolumizer [2], the
OpenQVis project[20], or the volumenodeof the
OpenSG[21] scenegraph.

Realisticimagesynthesis,in general,hasto take
into accountperceptualissuesin additionto asimu-
lationof light transport.Thecomprehensive frame-
work by Greenberg etal. [9] is thebasisfor our ap-
proachto a pipelinefor realisticvolumerendering.
In particular, visualperceptionis consideredby ap-
plying tonemappingoperators[5].

Softwareengineeringis the�eld of computersci-
enceconcernedwith the technologiesandmethod-
ologiesinvolved in creatingandmaintainingsoft-
ware.Early workson modularizationandinforma-
tion hiding in software developmentwere carried
out by Parnas[22]. A comprehensive collection
of object-orientedsoftware designpatternsis pre-
sentedin theseminalwork of Gammaetal. [8].

3 VolumeRenderingPipeline

3.1 Mathematical Model

Thestandardopticalmodelfor volumerenderingis
basedon thevolumerenderingintegral

I (D) = I0T(t0) +

DZ

t0

g(t)T(t) dt ; (1)

as describedin the survey article [19]. The term
I0 representsthelight enteringthevolumefrom the

backgroundat thepositiont = t0; I (D) is theradi-
anceleaving thevolumeat t = D and�nally reach-
ing thecamera.Transparency T is de�ned

T(t) = e
�

DR

t
t (t0) dt0

:

Theintegral from Eq. (1) is typically approximated
by a Riemannsumover n equidistantsegmentsof
lengthDx = (D � t0)=n. This approximationyields

I (D) � I0
n

Õ
i= 1

ti +
n

å
i= 1

gi

n

Õ
j= i+ 1

ti ; (2)

whereti = exp(� t (iDx+ t0)Dx) andgi = g(iDx+
t0)Dx arethetransparency termandsourcetermfor
theith segment,respectively.

3.2 GenericVolumeRenderingPipeline

The computationof the volumerenderingintegral
can be split into several subsequentstagesof the
volumerenderingpipeline.Accordingto thesurvey
articleby P�ster [23], thefollowing stagesarecom-
monly found in volumerenderingtechniques:data
traversal(pipelinestagep1), interpolation(p2), gra-
dientcomputation(p3), classi�cation(p4), shading
(p5), andcompositing(p6).

During data traversal, resamplingpositionsare
chosenalongviewing rays. 3D texture slicing, for
example, usesimage-alignedslices [3, 4] as 2D
proxy geometryto constructresamplingpositions.
An interpolationschemeis appliedat theseposi-
tionsto reconstructthedatasetat locationsthatdif-
fer from grid points. A typical reconstruction�l-
ter is basedon built-in trilinear interpolationwithin
3D textures. Gradientsof a discretizedvolumetric
datasetaretypically approximatedby usingdiscrete
gradient�lters, suchas centraldifferencesor the
Sobeloperator. Gradientscanbepre-computedand
storedalongwith thescalardata(in RGBandalpha
channels,respectively).

Classi�cation mapspropertiesof the datasetto
opticalpropertiesfor thevolumerenderingintegral
accordingto a transferfunction. Theclassi�cation
typically assignsdiscretizedoptical propertiesthat
arecombinedasRGBA values.Volumeshadingcan
beincorporatedinto transferfunctionsby addingan
illumination term(e.g.theBlinn-Phongmodel).

Compositingis thebasisfor theiterative compu-
tation of the discretizedvolumerenderingintegral
(2). Both front-to-backandback-to-frontstrategies
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Figure1: GPU-basedvolumerenderingpipeline

with their respectivecompositingequationsemploy
alphablending. We support�oating-point texture
formatsto avoid quantizationproblemsand,at the
sametime, allow for a high dynamicrangeof radi-
ancevalues.In additiontoalphablending,anumber
of alternativeapproachesmaybeused,suchasmax-
imum intensityprojection(MIP) or weightedsum
projections.

The volume rendering pipeline implementsa
physicalsimulationof light transportwithin partici-
patingmedia,neglectingmultiplescattering.Sucha
simulationneedsto becombinedwith aperception-
oriented�nal display in order to achieve a realis-
tic looking image[9]: Essentially, a �nal mapping
from an imageof the resultingphysicalsimulation
(i.e., radiancevaluesperpixel) 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-BasedVolumeRendering
Pipeline

Performingvolume renderingon a GPU requires
an appropriatemapping of the volume render-
ing pipelinestagesto the programmablerendering
pipelineasimplementedon modernGPUs.Thear-
chitectureof theGPUpipelineleadsto the follow-
ing coarsemapping:

1. proxy geometrygeneration(p1), as input to
GPUgeometryprocessing

2. actualrenderingof the volume(p2 to p6), as
partof GPUfragmentprocessing

3. high dynamicrangetonemapping,asan ex-
ampleof GPU-basedimageprocessing

Although the secondstagecomprisesseveral ele-
mentsof thegenericvolumerenderingpipeline,p2
to p6 could still be separatedinto distinct shader
components,for example by relying on function
callsin high level shadinglanguages.

In our framework the GPU volume rendering
pipelineis segmentedmore�nely into eightstages
asshown in Figure1. FloatingPointRenderTarget
switchesthe GPU to a �oating-point rendertarget

in thecaseof active high dynamicrangetonemap-
ping. Theproxygeometrygenerationstagefor vol-
umesamplingon theGPUis dividedinto VolumeS-
licer and SliceTesselator. VolumeRenderingAlgo-
rithms is the stagewhere actual renderingalgo-
rithms are executed. We have implementedclas-
sical back-to-front volume rendering[3, 4], vol-
umerenderingwith pre-integratedclassi�cation[7],
interpolatedpre-integratedlighting [18], and vol-
umetric self-shadowing [12]. The tone mapping
stageconsistsof HDRLuminance, wherethe lumi-
nanceof therenderedHDR imageis computed,and
the actual tone mappingoperatorusing the result
of the previous stage.Due to the �e xibility of our
softwareframework, additionalstagescanbeeasily
addedto the pipeline. For example,we have in-
cludedthestagesBoundingBoxRenderer andSlice-
OutlinesRenderer for convenience.

So far we have dealt with the processesin-
volvedin therenderingof a volume.Whatremains
is to �nd appropriaterepresentationsfor the data
on which the volume renderingpipeline operates
as well as ef�cient protocolsfor interoperationof
pipelinestages.We proposesolutionsto theseis-
suesin thefollowing two sections.

4 Software Layers

Sincemodernvolume renderersincorporatea va-
riety of componentsand renderingalgorithms,an
architecturehasto be devised,that will effectively
handletheresultingcomplexity of thesoftware.

Moreover, thearchitectureshouldallow usto add
new componentswith minimumeffort, thusencour-
agingtheimplementationof advancedfeaturesand
most importantly embracingwhat is inevitable in
mostsoftwareprojects:frequentchanges.

Following theprincipleof separationof concerns
[6], our rendereris dividedinto threelayers:

� Applicationlayer, responsiblefor application
logic and interaction through the graphical
userinterface.

� Data layer, storingscalarvolumetricdataand
all deriveddata(e.g.histogram,transferfunc-
tion).
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� Renderingalgorithmslayer, groupingall com-
ponentsdealingwith renderinga visual repre-
sentationof thevolume.

It is not mandatory, though, to have a direct
representationof theselayersin sourcecode.Their
purposeis more of a guiding natureas to which
tasksareperformedwherein thesoftware,improv-
ing codequality andfacilitatingmaintenance.

5 Shared Application State

Encapsulationand organizationin layers involves
the issueof sharingdata betweensoftware com-
ponents. Since the task of renderingthe volume
is segmentedinto stagesof the volume rendering
pipeline, the ways in which subsequentstagesde-
pend on resultsof previous stagesare manifold.
This is even moreso thecasewhenthepipelineis
intendedto be�e xible andextensible.

5.1 Drawbacksof Tight Coupling

Weconsidertheexemplarycaseof a C++ classthat
managesa pre-integrationlookup texture. Clearly,
in order to allow other classesto bind the texture
thisclassmustprovide someaccessto it:

c l ass CLookupTexture {
pub l i c:

PtrToTexture GetPTex () {
r et ur n m_pPreIntTex ; };

p r i vat e:
PtrToTexture m_pPreIntTex ;};

Thus, classesin which the pre-integration texture
is usedwill needknowledge of the existenceof
CLookupTexture (by statically including the
appropriateheaderand storing a pointer to an in-
stance)andits interface.Thisconceptis referredto
astight coupling.

As the software evolves, the decisionmay be
madeto renameCLookupTexture andits source
�les into CPreIntegration and the access
function into GetPPreIntTex() . For all de-
pendentclassesa differentheadermustnow be in-
cluded,thepointerto theclassinstancemustbere-
typed,and the call to the accessfunction mustbe
renamed.

Tight coupling producesone–to–many depen-
denciesthroughoutthe entire software. This in-
creasescomplexity, exacerbatesmaintenance,and
makesextendingthesoftwarea tedioustask.

5.2 Loose Coupling thr ough the Shared
State

To gain�e xibility it is desirablefor classesto bede-
coupledfrom eachother. Pickingup our example,
classesbinding the aforementionedpre-integration
texturemerelyrequireavalid pointerto it. Informa-
tion asto which classmanagesthetextureandhow
to gainaccessto it is essentiallyof noconcern.

Indeed,decouplingmay be achieved by intro-
ducinga shared application state. This is a class
thatstoresa copy of sharedclassvariables,provid-
ing consistentaccessto them(hencemakingthem
statevariables). The sharedstateservesasa con-
nectorbetweensoftwarelayersandcomponents,ef-
fectively reducingone–to–many dependenciesthat
wouldotherwiseoccurthroughouttheframework to
one–to–onedependencies.All informationneces-
saryfor componentsto interoperatecanberetrieved
from thesharedstate,whichthusdecouplescompo-
nentsandmakesthemre-usable.

The resulting software architectureincluding a
sharedapplicationstateis illustratedin Figure2.

5.3 BroadcastingStateChanges

By introducingthesharedstate,classdependencies
may be effectively reduced. However, an indirect
form of dependency remains,namelythat of state
changes. Oftenenoughit is crucial thatdependent
classesaregiventheopportunityto reactto changes
of a certainstatevariable.

Sincevolumerenderingstrivesto be a real-time
application,actively polling all statevariablesfor
changesis not feasible. Fortunately, software en-
gineeringhasa solutionthatsolvesthis issuequite
elegantly:Usingthepublisher-subscriber(a.k.a.ob-
server) designpattern[8] allows dependentclasses
to beinformedwhenstatevariablesarechanged.In
this designpattern,a publisherholdsa list of sub-
scribersto benoti�ed in theeventof astatechange.

In ourcontext thesharedstateuniquelyidenti�es
eachstatevariableandallows componentsto sub-
scribespeci�cally to changesof certainvariables.
Figure3 illustratesthis noti�cation scheme.

5.4 A Practical Example

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

Figure3: Publisher-subscribernoti�cation scheme.

componentsmay interactthroughthesharedappli-
cationstate:

At �rst, if tone mappingis activated,Floating-
PointRenderTarget switches the GPU to an off-
screen�oating-point rendertarget andupdatesthe
pointer to the texture associatedto it, stored in
a statevariablede�ned by the sharedapplication
state. All subscribingcomponentsare noti�ed of
thischangeandmayreactaccordingly.

Then, with the current sampling distanceand
viewing directionprovidedby thesharedstate,Vol-
umeSlicercreatesa setof view-alignedproxy slice
polygonsthat cut the volume. The pointer to a
buffer holding slice polygonsis alsostoredin the
sharedstate.

SliceTesselatorthentesselatesthe polygonsand
createsvertex andindex buffers accordinglyusing
thepointerto theslicepolygonbuffer. Thepointers
to boththevertex andindex buffersareagainstored
in thesharedstate.

Now, a class implementinga volume render-
ing algorithm(say, pre-integratedvolumerendering
with lighting) rendersthevolumeinto the �oating-
point rendertarget. It usesthe vertex and index
buffer for proxyslicestogetherwith thelighting di-

rection which was previously storedin the shared
statethroughuserinteractionwith theapplication.

If activated, BoundingBoxRenderer renders a
boundingbox aroundthe thevolume. If activated,
SliceOutlinesRenderer createsan own index buffer
andrenderstheoutlinesof theslicepolygonsusing
the pointer to the slice polygonbuffer setby Vol-
umeSlicerandthepointerto thevertex buffer setby
SliceTesselator.

HDRLuminancecomputes the luminance for
eachpixel of the renderedimageand log-average
luminanceof the entire scene. Both are storedin
textures to which the pointer is set in the shared
state.Finally, the tonemappingoperatorperforms
its task,usingtheaverageandpixel luminancetex-
turesprovidedby thesharedstate.

6 Implementation Details

Our implementationis basedon the C++ pro-
gramminglanguageandusesDirect3Dasgraphics
API. The full source code is available from
http://www.vis.uni- stuttgart.de/
texvolrend

6.1 SharedState

The shared state de�nes an enumerator that
uniquelyidenti�es eachstatevariableit stores.This
enumeratoris usedasthekey for anSTL hashmap
that storesboth the location in sharedstatemem-
ory and the size in bytes of eachstatevariable.
Statevariablesarenot storedas classvariablesin
thesharedstate.Dependingon its size,memoryfor
eachstatevariableis allocatedin theconstructor.
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Therearetwo reasonsfor handlingstatevariables
this way: Firstly, as the sharedstatemerely acts
asan interposedcontainerfor statevariables,type
information is of no concernto it. Secondly, by
treatingstatevariablesasmerechunksof data,it is
straightforwardto provideaccessto themthrougha
simplegetterandsetterinterfacefunction,indepen-
dentof their type.

Whensettinga statevariable,thecallerprovides
the identi�er of the variableand a pointer to the
location in memory from whereto fetch the new
value. Togetherwith the informationstoredin its
hashmapthe sharedstatemay thencopy the new
value to the correctposition in sharedstatemem-
ory. Retrieving a statevariableis carriedout analo-
gously:Thesharedstatecopiesthevalueof a state
variableto thelocationprovidedby thecaller.

The interface functions establishan additional
level of abstractionbetweenclasses.Provided that
they arede�ned, thereis no needto communicate
with other objects in order to retrieve statevari-
ables. They may be accessedthroughthe shared
state,thuseffectively decouplingobjectsfrom each
other. A pleasantside effect of identifying state
variablesthrough an enumeratoris that theseare
checkedduringcompilation.Therefore,it is impos-
sible to passan identi�er for a statevariablethat is
notde�ned.

To allow classesto register for changesof spe-
ci�c state variables, vectors of pointers to sub-
scribersarestoredin a hashmap. Thesharedstate
provides a subscriptioninterface and additionally
noti�es subscribersin the event of a changeof a
statevariable,which occurswhen the setterfunc-
tion is called. Subscribersprovide a consistentin-
terfaceto receive 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 must then be re-
trieved actively. The pull methodensuresthat the
sharedstatedoesnotneedfurtherinformationabout
its subscribers.Otherwisedependencieswould be
concentratedin thesharedstate,destroying theben-
e�ts gainedthroughthis architecture.

6.2 VolumeRendering Pipeline

Stagesof the volumerenderingpipelinesharethe
samebaseinterfacePipelineStage, which provides
a common interface function PerformAction, by
which they may be triggeredindependentlyof the

task they perform. PipelineStage is derived from
GpuBase, thebaseclassoffering a consistentinter-
facefor componentsusinghardware-dependentre-
sources.

Each pipeline stagemanagesits hardware re-
sourcesindependentlyandoffers dependentstages
accessto themvia thesharedstateif necessary. Re-
sourcesarecommonlyallocatedwhentheDirect3D
device is createdand deallocatedin the classde-
structor. Stagesusingthe GPU vertex or fragment
shaderunitshaveanassociatedHLSL effect�le that
describestheshaderprograms.

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

7 Results

Figure5 shows high quality imagesproducedwith
our renderer. Volumetric shadows are visually
pleasingandaddimportantvisual cuesto the ren-
dering. Figure 6 shows how a renderingwith an
overly bright specularhighlight is mappedto a dis-
playablerangeby Reinhard's global tonemapping
operator[24], as provided by the currentDirectX
sampleframework.

A completeperformanceanalysisof our frame-
work would exceedthescopeof this paper. To give
an impressionof the performance:Renderingthe
2563 headdatasetto a640� 480viewportwith one
slice per voxel, we achieve roughly 12:5 Hz with-
out and 7:5 Hz with pre-integratedclassi�cation.
With the samesettingsinterpolatedpre-integrated
lighting performswith 3:2 Hz. Volumetricshadow-
ing combinedwith interpolatedpre-integratedlight-
ing achieves2:7 Hz. Tonemappingapproximately
costsanadditionalframepersecond.All measure-
mentswheredoneon a 2:8 GHz PentiumIV ma-
chinewith anNVidia GeForce6800graphicscard.

Thearchitectureof our framework makesit very
easyto incorporatenew componentsand features.
Fromour experience,settingup a new stagein the
volumerenderingpipelineandproviding it with all
relevantdatafrom thesharedstatebecomesatrivial
taskthat takesas little asa few minutes. We suc-
cessfullyusedthe framework during our research
on realistic volume graphics,which requiredfre-
quentchangesto therenderingprocess.
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8 Discussion

Our proposedsharedapplicationstateis relatedto
themediatordesignpattern[8]. Themediatorpat-
tern also decouplescomponentsfrom eachother
by making them dependentonly on the mediator
androutingrequestsbetweencomponents.Thema-
jor differencebetweenthe two patternsis that the
sharedstatedoesnot concentrateinteractionpro-
tocolsandthusis not likely to becomemonolithic
and complex itself. At the sametime this makes
the sharedstateappropriateonly when interaction
protocolsarenotoverly complex, which is thecase
within thevolumerenderingpipelinewherewe do
have many yetwell de�ned dependencies.

Despiteall advantagesof the sharedstate, the
achieved�e xibility comesat a price. Certaindraw-
backsshouldnotremainunnamed.The�rst issueis
oneof redundancy: For reasonsof safetytheshared
statestoresacopy of eachstatevariable,whichcon-
sumesadditionalmemory. In our implementation
thesharedstateallocatesmemoryfor statevariables
in theorderof 1 kb, whichwe considertolerable.

Furthermore,theissueof ownershipof statevari-
ablesremainsunaddressed.In the presentedsetup
any classmay modify a statevariable, regardless
whetherthis makes 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 ownershipbeforeallowing to set a
statevariable. Of course,moresophisticatedpoli-
ciesmight alsobeexerted.For thesake of simplic-
ity anddueto thescienti�c natureof this work we
have chosento rely onprogrammerdiscipline.

Another pitfall is type safetyand datavalidity.
To make thegetterandsetterfunctionsindependent
of the type of the statevariable,a void pointer to
the locationof thevalueis passed.This ultimately
makes type checkingimpossible. Moreover, if an
invalid addressis passed,runtimestability is put at
risk whendatais readfrom, or written to, this ad-
dress. Templatedcall-by-value interfacefunctions
usingtypelistsasshown by Alexandrescu[1] might
bea saferbut alsomoreinvolvedalternative.

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

ablesentailsclasseshaving to checkfor the exis-
tenceof any variablethey dependon, therebynulli-
fying theadvantagesgainedthroughdecoupling.

In termsof software engineeringone may cer-
tainly argueabouttheeleganceof our implementa-
tion of the sharedstate. Sincethe envisioned�eld
of applicationis scienti�c researchwheresafetyand
stability is not the main focuswe considerthis as
tolerable. We agreethat for productionsoftware
saferimplementationsshouldbefound.

9 Conclusionand Futur eWork

We have presenteda framework for modernvol-
ume renderingapplicationsimplementingthe vol-
ume renderingpipeline on the GPU. While other
frameworks implementa broadrangeof features,
they arevery complex to understandandnot easily
extended.Our proposedframework with its novel
architectureis explicitly designedto be extensible
with minimumeffort, makingit very easyto incor-
poratenew featuresandrenderingalgorithms. To
prove the applicability of our architecturewe have
implementedavolumerendererwith state-of-theart
featuresincluding high dynamicrangetone map-
ping,which haspreviously not beenappliedto vol-
umevisualization.

We offer the sourcecodeof our framework as
a startingpoint for future research,especiallyfor
researchesthat are new to volume rendering. We
hopethatwith thesimplearchitectureof our frame-
work, researcherswill feel encouragedto incorpo-
rateandexchangesourcecodedirectly, makingnew
approacheseasilyaccessibleby others.

Possible future work could include the im-
plementationof advanced 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 thesamesamplingdistance,pre-integratedclassi�cation(right) producesfar fewer sampling
artefactsthantraditionalslicing (left).

Figure5: Volumetricshadows (right) addimportantvisualcuesandproducevisually pleasingimages.For
comparisonthesamesceneis depictedwithout shadowing on theleft.

Figure 6: With Reinhard's global tone mappingoperator, an imagewith overly bright regions (left) is
mappedto a displayablerangeat interactive rates(right).
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