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Abstract

Mary volume filtering operationsusedfor image enhancement,

dataprocessingr featuredetectiorcanbewrittenin termsof three-
dimensionalconvolutions. It is not possibleto yield interactive
framerateson todayshardware whenapplying suchconvolutions
on volume datausing softwarefilter routines. As moderngraph-
ics workstationshave the ability to rendertwo-dimensionatonvo-
lutedimagesto the framebulffer, this featurecanbe usedto accel-
eratethe processsignificantly This way generic3D convolution
canbeaddedasa powerful tool in interactie volumevisualization
toolkits.

Keywords: Cornvolution, HardwareAccelerationVolumeVisual-
ization

1 Introduction

Directvolumerenderings avery importanttechniquefor visualiz-
ing threedimensionabata. Severalfundamentadifferentmethods
have beenintroduced[2, 4, 5, 6, 8, 12]. Hardware-basedolume
texturing [9, 14] is oneof the mostprominentvariantsfor interac-
tive visualizationdueto the high frameratesthat canbe achieved
with thistechnique.

The basicprinciple of texture basedvolumerenderingis depicted
in Figure 1. Accordingto the samplingtheorema 3D view of the

volumeis generatedy draving anadequat@umberof equidistant,
semi-transparergolygonsparallelto theimageplanewith respect
to the currentviewing direction(“volumeslicing”).

Filtering on the other handis a major part of the visualization
pipeline. It is broadlyusedfor improving images reducingnoise,
andenhancingletail structure.Volumerenderingcanbenefitfrom

filter operationsaslow passfilters reducethe noisee.g. of sam-
pled medicalvolumeimagesand high passfilters canbe usedfor

edgeextraction,visualizingprominentatafeatures Multiscaleap-
proachess[13] regularly usedisjunctfiltering anddowvnsampling
stepsandcanbenefitfrom ary speedupsf thefiltering process.
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Figurel: Texturebased/olumerendering

Filterscanbeclassifiedaslinearor non-linear Discretdinearfilters

can be written as corvolutions with filter kernelsthat completely
specify the filtering operation. Non-linearfilters, asfor instance
morphologicaloperatorswere recentlyusedfor volume analysis
andvisualization7]. Segmentatiorandclassificatiordepenchear-

ily onfiltering operationsaswell. Bro-Nielson[1] alreadythought
aboutusing convolution hardware for acceleratinghe registration
process.

For texture basedvolume renderingthe datasethasto be loaded
into specialtexture memory which canbe addressetly the graph-
ics pipeveryfast. Theloadingprocesstself is relatively slow, tak-
ing several seconddor big datasetseven on the fastestavailable
graphicsworkstations. As the datasethasto be reloadedafter a
filter operatiorhasheenperformedn software,interactve filtering

will benefita lot from corvolution algorithmsthat directly work
onthetexture hardware. Additionally, we will shav in the follow-

ing thatcomputingthe corvolutionwith graphicshardwareis much
fasterthansoftwaresolutions.

2 3D Convolution

The generalthree-dimensionaliscreteconvolution canbe written
as

f(m,y,z): Z k(i1,i2,13) - f(z + i1,y +d2,2 +i3)

91,%2,13

with f beingtheinput datafunctionandk beingthe filter kernel,
resultingin the convoluteddataf.

In the following examinationwe will assumewithout lossof gen-
eralitythatk(ii, i2,3) is givenfor 0 < 41, i2, i3 < n andvanishes
outsidethisintenal. Also, we will assumeéhattheinputdatafunc-
tion vanishedor (z,y, z) outsidetheintenal [0, m)3.

In the specialcaseof k(i1, ia,43) = k1(i1) - ka(i2) - ka(is) the



05 - 03

0.4 -

03 - - 0.2

0.2 -
0.1

EEENEEE

03~ . . . L 03 .
02 - - 0.2 -
01 - - 0.1 4‘7 —’_‘
0 0
0.1 - - 0.1
0.2 - - 0.2
0.3 - - 0.3
0.4 - - 0.4
05t ' ' o 0.5 N
3 2 1 0o 1 2 3 o 1 2 3 4 5 6 7

Figure2: The Gauffilter functionandits secondderivative

Figure3: Exampleimage;original, filteredwith Gauf3 andfiltered
with secondderiative

kernelis called separable.In this casethe numberof operations
necessaryor the corvolution can be reduceddown to O(m®n),
from O(m3n?) in thenon-separablease:

fl(wvy’z) = Z’El(il)'f(w_i_ilvy’z) (1)
Palwy,2) = Y ka(ia) - fila,y+izz) (2
f(:c,y,z) = ZE3(i3)'f2($,y,Z+i3) (3)

i3

Of coursespecialcarehasto be taken nearthe boundariesof the
input datafunction, as corvolution routinesare generallywritten
onaverylow languagdevel for speedburposes.

Figure 2 shavs two well known convolution filters, the Gauf3fil-
ter andits secondderivative, bothin their continuousanddiscrete
forms. They canbe usedfor noisereductionand edgedetection,
respectrely. An exampleimagethatwasfilteredwith thesekernels
canbeseenin Figure3.

3 Hardware Acceleration

In orderto acceleraté¢heconvolutionprocessspeciapurposéhard-
ware can be used. On systemsthat have built-in Digital Signal
ProcessoréDSPs)for examplefor multimediaaccelerationa spe-
cializedconvolution subroutinecould be downloadedto the signal

y

2D Convolution

Figure4: Thefirst passof the hardvarefiltering algorithm
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processorOn the otherhand,mosttimestheseDSPsarenot well
documentedr therun-timesystencannotbemodifiedby theuser
In generakhey arenot fasterthanthe mainprocessoaswell. Ad-
ditionally, thereexistsawide rangeof differentDSPsystemsall of
which areincompatibleto eachother

The approachwe have implementedn our systemis to combine
a 2D and a 1D corvolution kernel in order to calculatethree-
dimensionakeparableonvolutions. Several vendorsof the graph-
ics APl OpenGL — asfor exampleSilicon Graphicsinc. [10] —

have included extensionsfor one- and two-dimensionafiltering.

In contrastto mostimplementationshat emulatetheseextensions
only in software, the SGI graphicspipes MXE and BasicReality

calculatethe corvolutions on-board,boostingperformanceby an
orderof magnitudealreadyfor reasonablysizedfilters. The CRM

graphicssystemof the O, is capableof renderingconvolutionsin

hardware aswell, but it doesnot supportvolume textures,which

arecrucialfor thealgorithmaswell.

Recallthatthe volumedatais alreadystoredin texture memoryfor
visualizationusingtexturehardware.Now (1) and(2) arecombined
to one2D corvolutionthatis to beappliedto every planeof thevol-
umedataperpendiculato the z-axis. Therefore planeby planeis
drawvn by renderingtexturedtrianglestrips(two trianglesper strip)
into theframebuffer asit is sketchedin Figure4. Thetexture co-
ordinatesassignedo theverticesof thetrianglestripsarespecified
in suchway that no interpolationof the texture is necessarysee
Figureb). In orderto increasethe potentialspeedumndto avoid
roundingproblemsnearesheighborinterpolationis activateddur-
ing the renderingprocess.Eachplaneis thenreadbackwith the
OpenGLroutinegl CopyTexSubl nmage3DEXT, which replaces
oneplaneof the active volumetexture orthogonato the z-axisby
datathatis readdirectly from the framebuffer. While transfering
the datato the texture memory the separabl@D convolution filter
is activatedusinggl Separ abl eFi | t er 2DEXT. After this first
passthe volumetexture containsdatafiltered alongthe x- andy-
axes.
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Applying thecorvolutionto thethird axisis morecomplicatecand
depictedin Figure6. In this secondpassplanesarerenderedoer
pendiculato oneof theotheraxes. Assumehatthey-axishasbeen
chosen.As gl CopyTexSubl nage3DEXT cannot write planes
orthogonalo ary otheraxisthanthe z-axisto thetexture memory
they have to be transferedo a secondvolumetexture. OpenGLs
textureobjectsareusedby callinggl Bi ndText ur e for switching
betweenthem, which implies only a very small overhead. While
copying the datafrom the frame buffer to the texture memory a
one-dimensionatonvolution filter is activated. As we aredealing
with two-dimensionaimagedata,we specifya 2D convolution fil-
ter with gl Convol uti onFi | t er 2DEXT, using a filter kernel
thatis exactly onepixel wide.

After this secondpassthe convoluted volume datahasbeenmir-
roredatthe planey — z = 0. For texture basedvolumerenderers
thisdoesnotimposeary restrictionsasthey only have to swap co-
ordinatesduring texture coordinatecalculations.Whendataorder
is crucialfor theapplication thealgorithmof passtwo canbeused
for both passesthusrestoringthe dataorderin the secondpass.
However, the textured planeshave to be dravn two timesperpen-
dicular to the y-axis. Cachemissesare muchmorelikely in this
casein respectto planesrenderedorthogonalto the z-axis. This
canincreasethe corvolution timeson big volumesby up to 50%
evenonfastgraphicshardvare.

Figure 7 depictsthe relevant part of the OpenGLpipeline. It re-

veals,thatpixel fragmentgeadfrom the framebuffer areclamped
to [0, 1) beforethey canbewritten backto theframebuffer or into

the texture memory Filter kernelswith negative coeficientscan

computenegative intermediaryaluesduring the two-dimensional
cornvolution pass which will not contritute to the final 1D convo-

lution. Additionally, no negative resultscanbe storedin the output
volume. Thesevaluesareespeciallyneededvhenthe filter kernel
is notsymmetrical.

The strat@y for avoiding theseeffects dependson the particular
application. For edgedetectionthe absolutemaximaof the fil-
tered volume data are of interest. In this case,calculatingthe
absolutevalue canbe performedin hardware aswell, further re-
ducing necessaryomputationson the CPU. In mostother cases
post-comolution scalingandbiascanbe usedto mapthe expected
resultsto the intenal [0, 1) just beforethe clampingtakes place.
OpenGL provides the GL_POST_CONVOLUTI ONLc_SCALE_EXT
and GL_POST_CONVOLUTI ONLc _BI AS_EXT parameterswhich
areappliedto pixel colorvaluesafterconvolutionandbeforeclamp-
ing asdepictedn Figure7.

4 Results

Theuseddatasetsarepresente@n the color plate. Figures8 to 12
shaw slicesof a headdatasetof size 128%. Figure8 revealsthe
unfiltereddataset, whereasFigure 9 and 10 presentslicesof the
softwareandhardvarelow passfiltered volumedata,respectiely.

Here, a GauRfilter kernel of size 5° hasbeenused. Almost no
differencescan be detected. Figure 11 and 12 depictthe results
for high passfiltering usingthe secondderivative of the Gaulzfil-

ter, againcomputedin software andin hardware. The hardware
convoluted volume displaysnoticeableartifactsthat occur due to
the alreadymentionedclampingstepin the OpenGLpipeline. By

usingpost-corolution scalingandbiastheartifactsdisappeacom-
pletely

The Figures13 to 18 picture anotherdatasetthat hasbeenused
for testingtheimplementationThey have beenvisualizedwith the
hardware basedvolumerenderingtoolkit TiVOR [11], againwith
the first picture being renderedwith the original dataset. While
the noisereductioneffect of the Gaul¥filter is ratherbotheringin
Figure 14 by smearingvolume details,it hasremarkablepositve
effects on ISO surface generation(compareFigures17 and 18).
Pleaseremarkthat the ISO surfacesare renderedn real-timeus-
ing a hardware acceleratedrolume renderingapproachdescribed
in [14].

Noiseinterfereswith high passfilters, which canbe seenin Fig-

urel15. Usingahigh pasdilter onthealreadylow pasdiltereddata
setrevealsby far moreandbetterseparableletails(seeFigure 16)

comparedo thedirectlyfilteredvolume.

We have testedthe speedour implementatioragainsta well tuned
software convolution filter. Unsurprisingly the software corvo-
lution is almostcompletelymemorybound. Even extremely fast
workstationsasthe Octanearelimited by the main memoryband-



Filter size 23 33 53 73
head? 0.33/0.72 0.33/1.02 0.33/1.56 0.48/2.0
angi ot  25/6.0 25/8.7 25/14.7 3.7/21.3

t  Datasetcreatedoy computettomography128®
i Datasetcreatedhy MR angiography2562

All timesweremeasurednaSilicon GraphicOnyx2
equippedwith a BasicRealitygraphicspipe. The
system has two R10000/19%Hz processorsand
640MB mainmemory

Tablel: Corvolutiontimesin secondsisinghardware/ software

width, astoday’s cachesare far too small for the valuesneeded
for convolution alongthe z-axis. High endmachinesasthe Onyx2

performhuge3D corvolutionsthreetimesfasterthanthe Octane,
evenwhenequippedwith slower CPUs.StandardPCscannotcope
with the memorybandwidthof the Onyx2 system,and multipro-

cessopptionswill notaccelerat¢he procesdecausé is not CPU

bound.

Table 1 shaws corvolution timesfor differentdatasetsand filter

sizes, using software and hardware convolution. All times have

beenmeasurednanOnyx2 equippedvith a BasicRealitygraphics
pipe. The maximumfilter size supportecby the graphicssystem
is 72. Therefor the maximum3D convolution that can be per

formedin hardvare on this systemis 7. Noteworthy is the fact
thatthe BasicRealitygraphicssystemis optimizedfor filter kernels
of size52. Corvolutionswith smallerkernelsneedexactly thesame
computatiortime. Filtersof size6? and7? sharetheirtiming results
aswell. Thez andy coordinate®f thevolumeareswappedduring

the hardware basedconvolution processwhich is a side effect of

thepresente@®D convolution algorithm.

5 Conclusion

As severalof todays graphicsvorkstationvendorshave addedwo-
dimensionalconvolution to their OpenGLpipeline, using this ca-
pability for accelerating3D corvolution is an almoststraightfor
wardapproachWe have determinedhatby usingtheimplemented
algorithm three-dimensionatorvolution can be performedeven
on big datasetswith nearlyinteractve rates. First promisingap-
proache®f acceleratingvaveletdecompositiorandreconstruction
have beeninvestigatedaswell [3].

As all intermediarydatais transferedo the framebuffer, clamping
canswallow negative valuesthat resultfrom the two-dimensional
corvolution aswell asfinal negative results. Thus this approach
is currently mostuseful for symmetricalfilter kernels. By using
post-corolution scalingandbiasextensiongheseproblemscanbe
easilyovercome.

Non-separableonvolutionsarenot possibleright now with this al-
gorithm. However, by applyingseveral two-dimensionafilter ker
nelsandblendingconvolutedimagesin the framebuffer the useof
non-separabldD kernelswill beapossibilityfor thefutureaswell.
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Figure 8: The unfiltered Figure9: Head,low pass Figure 10: Head, low Figure 11: Head, high Figure 12: Head, high
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Figure13: Theoriginal angiog- Figure 14. The GauR filtered Figure 15: Data, after di- Figure 16: Firstlow pass,then
raphydataset dataset rectfiltering with Gauf’second high pasdfiltereddata
deriative

Figurel7:1SO surfacesontheoriginal angiographydataset Figure18: ISO surfaceson the Gaul¥filtereddataset



