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Abstract

MaximumintensityProjection(MIP) is avolumerenderingechniquewhichis usedto
extract high-intensitystructuredrom volumetricdata.At eachpixel the highestdata
value encounteredhlongthe correspondingriewing ray is determined MIP is com-
monly usedto extractvascularstructuresrom medicalMRI datasets(angiography).
The usualway to compensatéor thelossof spatialandocclusioninformationin MIP
imagesis to view the datafrom differentview points by rotatingthem. As the gen-
erationof MIP is usually non-interactre, this is doneby calculatingmultiple images
offline andplayingthembackasananimation.

In this papera new algorithmis proposedwhich is capableof interactvely gen-
eratingMaximum Intensity Projectionimagesusingparallelprojectionandtemplates.
Voxels of the datasetwhich will never contrituteto a MIP dueto their neighborhood
are removed during a preprocessingtep. The remainingvoxels are storedin a way
which guaranteesptimal cachecoherenyg regardlesof the viewing direction.For use
onlow-endhardware,a preview-modeis includedwhich rendersonly moresignificant
partsof the volumeduring userinteraction.Furthermoreve demonstrat¢he usability
of our datastructurefor extensionsof the MIP techniqudik e MIP with depth-shading
andLocal MaximumintensityProjection(LMIP).
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1 Intr oduction

The ability to depictbloodvesselss of enormousmportancefor mary medicalimag-
ing applicationsCT andMRI scannersanbeusedo obtainvolumetricdatasetswhich
allow theextractionof vasculaistructuresEspeciallydataoriginatingfrom MRI, which
aremostfrequentlyusedfor this purposegxhibit somepropertiesvhich make the ap-
plicationof standard/olumevisualizationtechniquedik e ray casting[4] or iso-surfice
extraction[6] difficult. MRI datasetscontaina significantamountof noise.Inhomo-
geneitiesn thesampleddatamalke it difficult to extractsurfacesof objectsby specify-
ing asingleiso-value.

MIP exploits the fact, that within angiographydatasetsthe datavaluesof vascu-
lar structuresare higherthanthe valuesof the surroundingtissue.By depictingthe
maximumdatavalueseenthrougheachpixel, the structureof the vesselcontainedn
the datais capturedA straightforward methodfor calculatingMIP is to performray
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castingand searchfor the maximumsamplevalue alongthe ray insteadof the usual
compositingporocessionein volumerenderingln contrasto directvolumerendering,
no earlyrayterminationis possibleandthewholevolumehasto beprocessedepend-
ing on the quality requirement®f the resultingimage, differentstratgiesfor finding
themaximumvaluealongaray canbeused.

— Analytical solution: for eachdatacell whichisintersectedby theraythemaximum
valueencounteredly therayis calculatedanalytically Thisis themostaccuratéut
alsocomputationallymostexpensve method[7].

— Samplingand inter polation: asusuallydonefor ray casting datavaluesaresam-
pled alongthe ray usingtrilinear interpolation.The costof this approachdepends
on how mary interpolationghatdo not affecttheresultcanbe avoided[7][9].

— Nearest neighbor interpolation: valuesof the datapointsclosestto the ray are
taken for maximumestimation.In combinationwith discreteray traversalthis is
thefastesimethod.As no interpolationis performedthe voxel structureis visible
in theresultingimageasaliasing[1].

Recentalgorithmsfor MIP employ a setof approachefor speedingip therendering:

— Ray traversal and interpolation optimization: Sakaset al. [7] interpolateonly
if the maximumvalue of the examinedcell is larger thanthe ray-maximumcal-
culatedsofar. For additionalspeedughey useintegerarithmeticfor ray traversal
and a cache-coherentolume storagescheme Zuideneld et al. [9] apply a sim-
ilar techniqueto avoid trilinear interpolations.In addition, cells containingonly
backgrounchoisearenotinterpolatedFor furtherspeeduga low-resolutionimage
containinglower-boundmaximumestimationgor eachpixel is used.Cells with
valuesbelow this boundcanbe skippedwhenthe final imageis generatedFinally
adistance-elumeis usedto skip emptyspaces.

— Usegraphics hardware: Heidrich at al. [3] usecornventionalpolygonrendering
hardwareto simulateMIP. Several iso-surficesfor differentthresholdvaluesare
extractedfrom the dataset. Before rendering,the geometryis transformedn a
way, that the depthof a polygon correspondso the datavalue of its iso-surfice.
MIP is approximatedy displayingthe z-buffer asa rangeof grayvalues.

— Splatting and shearwarp: Several approache$l],[2] exploit the advantageof
sheatrwarprendering5] to speedup MIP. Caietal.[1] useanintermediaté'w ork-
sheetfor compositingnterpolatedntensitycontributionsfor projectionof asingle
slice of the volume. The worksheets thencombinedwith the shearimageto ob-
tain the maxima.Several splattingmodeswith differentspeed/qualityradeofs are
available, run-lengthencodingand sorting of the encodedsggmentsby value are
usedto achieve furtherspeedup.

As aMIP containsno shadingnformation,depthandocclusioninformationis lost (see
Figurela). Structureswith higherdatavaluelying behinda lower valuedobjecteven
appearto bein front of it. The mostcommonway to easethe interpretationof such
imagesds to animatethe viewpointwhile viewing. Anotherapproachs to modulatethe
datavaluesby theirdepthto achieze akind of depthshading3] (seeFigurelb). Asthe
datavaluesare modified beforefinding the maximum,MIP anddepthshadedMIP of
thesamedatamaydisplaydifferentobjects.



Fig. 1. a) MIP of a testdatasetcontainingsoft boundedcylinders;b) Although depthshading
provides somedepthimpressionthe cylinders seemto intersect;c), d) While LMIP provides
moreinformationonthespatialstructuretheresultsaresensitve to thethresholdc) high, d) low

Depthshadingprovidessomehints on the spatialrelationof objects.Howeverit's per
formanceis ratherpoorespeciallyfor tightly groupedstructuresin suchcase<losest
VesselProjection[7] or LMIP [8] canbe used.As for MIP the volumeis traversed
alongaray, but thefirst local maximumwhich is above a userdefinedthresholdis se-
lectedasthe pixel color. If novalueabovethethresholds foundalongaray, theglobal
maximumalongtheray is usedfor the pixel. With a high thresholdvaluethis method
produceghesameresultasMIP, with a carefullyselectedne,lessintensestructuresn
front of moreintensebackgroundaredepicted producingan effect similar to shading
(seeFigureslc, d). As this methodis very sensitve to the settingof the thresholdthe
ability to interactvely tunethis parameters extremelyimportant.

In the following we presenta novel approacho generateMIP images.In Section
2 we discusshow to preprocesshe volume datato eliminatevoxels which will not
contrituteto a MIP. Furthermoreve presentavolumestorageschemevhich getsrid of
overheadassociatewith skippingthosevoxelsfor renderingln Section3 thealgorithm



for generatindMIP is presentedn Sectiond extensionf thealgorithmfor generating
depth-shadetIP andLMIP usingour datastructurearediscussed.
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Fig. 2. Detectionof voxels v which do not contritute to MIP. For simplicity the differentcases
areshavn in 2D. a) v irrelevantfor raysthroughw; asd(w;) > d(v) b) v irrelevant for rays
throughw;. If discrete26-connectedaysaretracked asin our algorithm,thetwo voxelswith a
valueof 3 neednot to be consideredasaray throughv andw cannot passthroughthem.c) v

irrelevantfor raysthroughw; asray maximaaredeterminedy voxelsuy. d) v irrelevantfor rays
throughw;, asray maximaaredeterminedy voxelsuy.

2 Preprocessingand Volume Storage

Most approacheso optimize volume traversalaim on excluding from the traversal
andrenderingprocessoxelswhich containless-importaninformationlik e low-valued
backgroundhoise.In fact,in additionto this low-importancedata,volumetricdatasets
usuallycontaina remarkableamountof voxelswhich never contrituteto a MIP image.
A voxel v is never visible andcanbe discardedf all possibleraysthroughthe voxel
hit anothervoxel w with d(w) > d(v) eitherbeforeor after passinghroughv, where
d(v) is the datavalueat voxel v. This fact canbe exploited whenoriginal voxel val-
uesareusedfor renderingusingnearesneighborinterpolation.The hiddenvoxelscan
be identifiedby classifyingall 26 neighboringvoxelsw; accordingto the behaior of
rayspassinghroughw; andv. If v doesnot contrituteto the raysthroughary of it's
neighborsit canberemoved.For efficiency reasonsthis processs subdvidedinto four
stepsfirst consideringonly thevaluesof the directneighboraw;:

— If for adirectneighbord(w;) > d(v), all raysthroughw; andv will have atleast
thevalued(w;), v is notneededseeFigure2a).



— If for a direct neighbord(w;) < d(v), but all possibleviewing raysincoming
from w; throughv hit direct neighborsw; of v, with min(d(w;)) > d(v), all
raysthroughw; andv will have at leasta value of min(d(w;)). Thusv hasno
influenceon raysthroughw; (Figure2b).

— If thefirst two testsfail for voxel w;, theraysthroughv andw; still maybeinflu-
encedby moredistantvoxelsu;. If min(d(u;)) > d(v) andevery ray hits some
u;, all raysthroughw; andv arenotinfluencedoy v. (Figure2c)

— Else,raysenteringv throughw; andleaving throughw; maybeblockedby distant
voxels ug, with min(d(ug)) > d(v). In this case hasalsono influenceon the
maximaof therays.(Figure2d)

Voxel eliminationbasednthefirst two testscanbeperformedapidly by accessingust
directneighborof eachvoxel. Thetrackingof raysto moredistantvoxelscanbeimple-
mentedoy recursvely scanninghe sub-volumecontainingall affectedrays.Recursion
in a certaindirectionis terminatedf avoxel d(u;) > d(v) is foundwhich blocksall
raysin this direction.To avoid unnecessargecursve checks yoxels scheduledor re-
moval arereplacedby the minimumof their obscuringvalues(whichis always> their
original value).To compensatéor noisein the dataandto increase¢he numberof re-
jectedvoxelsa userdefinabletolerances canbeincludedinto the comparisorprocess,
artificially loweringthe value of eachchecledvoxel v by €. For voxel reductionrates
usingdifferenteliminationefforts andtolerancevaluespleasereferto Tablel.

dataset | resolution [Fast,e=0%|Full, e=0%|Fast,e=1%|Full, e=1%
mr_angiq 256x256x64 25% 47% 29% 53%
mrO1 256x256x74 33% 46% 45% 55%
mr03 256x256x124 29% 58% 29% 58%

Table1. Volumereductiorrates Fastoptimizationconsider®nly directneighborsfull optimiza-
tion performsrecursionup to a distanceof 10 voxels. The resultsshav the percentagef voxels
removed. The fastoptimizationtakesabout5s on a P11/333,a non-optimizedmplementatiorof
thefull preprocessintakes3-4 minutesfor the 256x256x74dataset.

Although distancevolumesare an efficient way to skip large empty volumeregions,
they arelesssuitedfor volumeswith large numbersof small empty spacesor even
singleemptyvoxels.In addition,severalaccesseto distancedatastoredin the empty
spaceareusuallyrequiredto skipagap.

Thedatastructurecommonlyusedto storevolumedatais a 3D arraywhich stores
explicitly datavaluesandencodegheir positionin spacemplicitly in thevalue’s posi-
tion in storage.

A way to completelygetrid of unwantedvoxelsfrom a volumeis to storethere-
quiredvoxelsin anarrayof voxel-positionsandto encodethe valueof the voxelsim-
plicitly into their positionin thisarray(SeeFigure3). Therequiredsortingof all voxels
accordingto their datavalue canbe performedin lineartime, asthe limited rangeof
possibledatavaluesallows to usehistogrambasedsorting. The coordinateof a voxel
within a volumetricdatasetanbe pacledinto a 32 bit integer, allowing the encoding



voxel coordinates 32 bit

[10/10/5613/20/1] 11/2/2 | 33/4/23 1/1/1 | 5/6/2 ] 3/3/1 | 3/1/5 [12/13/1F ...

data value index

Fig. 3. Value-sortedarray structure:All voxels are sortedaccordingto datavalue andtheir po-
sition in spacds storedin anarray An additionalindex pointsto thefirst voxel in the arrayfor
eachpossibledatavalue

of volumesof up to 2048x 2048x 1024 voxels. A straightforward corversionof a
16 bit/valuevolumeto a 32-bit positionrepresentatiomould doublethe memorycost.
Omitting the voxels which have beenmarked by the preprocessingtepasirrelevant
leadsto a factorof 1.0to 1.5in storagesizecomparedo the original data.By storing
voxelsin avalue-sortedrraywe gainseveralimportantadvantagegor MIP:

— The voxels can be splattedin the order of ascendingdatavaluesasthe arrayis
traversed.Thereforecomparing the valueof the actualvoxel with the screercon-
tentis not necessary The valueof the actualvoxel is always > the contentof the
screenthusit’s projectioncanbewritten into theimage.

— As the arrayis traversedin the sameway independenbf the viewing direction,
optimum cachecoherencyis alwaysachieved.

— As blood vesselsare representedby high datavalues,lower datavaluesusually
containlessimportantinformation. If aninteractive displayof the full datasetis
not possibleon the given hardware,lower intensity valuescan be simply skipped
(SeeFigure4) to achieve interactvity duringuserinteractionsThe algorithmcan
beadjustedo displayMIP atany desired framerate. Thenumberof voxelswhich
canbedisplayedat a specificframeratecanbeeasilyderivedautomaticallyfrom a
measuremertf the numberof voxelswhich canberenderegersecond.

Thevoxel arraystructuredoesnot storeneighborhoodnformation.lt is thereforemost
usefulfor algorithmswhichwork with voxelsratherthancells.Acquiringtheeightdata
valuesof a cell from the arraywithout accesgo the original volumedatawould be a
ratherinefficienttask.

3 Maximum Intensity Projection

As thevoxelsof thevolumeareprocesseih anarbitraryspatialorderwhichis defined
by the orderwithin the value-sortedarray fastincrementakechniquedor projecting
voxelsalongaray cannotbeused.TheparallelprojectionP of apointin 3D, however,

canbeexpressedisthe sumof independenprojectionsof it's z, ¥, andz components.

T T 0 0
Ply|=P|O0O]|+P[y]|]+P|O
z 0 0 z
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Fig.4.a) MIP of themrO1dataset,2.6M voxels.b) Interactve preview of thesamedataat 10 fps
onaP233MMX with approximately25% of the volumedatadisplayed Only slight differences
arenoticeable

Theprojectionof eachpossiblevoxel coordinatealongacoordinateaxiscanbeprecal-
culatedandstoredinto atemplate A combinatiorof threetemplatexs,ys,zs, canbe
usedto inexpensvely calculatehepositionof eachvoxel’s projectiononthescreenkFor
increasecefficiency, thetemplatescanimmediatelystoreoffsetsinto theimagebuffer
insteadof x/y screercoordinatesTheresultingrenderingoopis simpleandefficient:

xs=make_ tenpl ate(vi ewratrix, vol unesize X);
do the sane for ys, zs;
for intensity = 0 to max do
color = gray[intensity];
for i =first[intensity] to last[intensity] do
voxpos = value_sorted_array[i];
screen[ Xxs[ voxpos. X] +ys[ voxpos. y] +zs[ voxpos. z] ] =col or;
end
end

Similar to other MIP algorithmsthis approachis also a tradeof betweenspeedand
quality. As eachvoxel of the datasetis projectedonto exactly one pixel, the size of
theresultingimagedepend®n the sizeof the volume.Furthermorghe compositionof
multipleintegertemplatedor determininghepositionof theprojectionin combination
with the projectionof a voxel onto exactly one pixel may produce*holes” within the
projectionof the volume.Althoughclearly apparenin a staticimage,dueto the high
interactvity of this methodtheseartifactsdo not disturb the perceptionof the data
during interactive work. The artifactscan be significantlyreducedby usingsub-piel
coordinatedn x-direction. As the templatesstore offsetsinto the imagebuffer (z +
img_width x y) insteadof x/y coordinatessubsamplingn y-directionis not possible.
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Fig. 5. a) MIP of themrO3angiographylatasetwith depthshadingb) LMIP of mrO1

4 Extensions

The algorithm presentedn the previous sectioncan be easily extendedto generate
depth-shademnageqFigure5). Similarto thescreemositiontemplatesthreez-templates
aregeneratedo calculatethe depthof eachvoxel’s projection.The intensityvalue of
eachvoxel is modulateduy it's depthandwritteninto theimagebuffer only if thevalue
of the pixel at this positionis smallerthanthe new value.As the depictedmaximum
valuesdo notdirectly correspondo datavalues,applyingthis methodto preprocessed
volumedatamay produceincorrectresults.

The secondextensionof the algorithmis capableof generatind_MIP imagespro-
viding the possibility to interactizely adjustthe thresholdparameterfFor generatinga
MIP image theorderof examiningsampleslongarayis notrelevant.Straightforward
LMIP requireghesamplego be processedront to backalongtheviewing rayin order
to find thefirst local maximum.Using z-templategor voxel depthcalculationandtwo
z-buffers per pixel allows to extractthe closestocal maximumfrom samplesarriving
in arbitraryorder Thez[ pi x] buffer storesthe depthof the currentlyvisible voxel,
while zb[ pi x] storesa “back-clipping” distancefor eachpixel. As the voxels are
processeth orderof ascendinglatavalue,all voxelsbelow the LMIP-thresholdcanbe
first projectedusingthe simpleandfastMIP algorithmwithout z-calculationandlocal
minimum tracking. Among all voxels above the thresholdwhich are processedater,
closestocal maximahaveto befound.At thebeginning,z[] is initialized to containthe
maximumpossibledistanceWith z andv containingthedepthandvalueof aprojected
voxel, the closestocal maximumalongarayis found by

if (z<z[pix])

screen[ pi x] =v; zb[pi x]=z[pix]; z[pix]=z;
else if (z<zb[pix])

screen[ pi x]=v; z[pix]=z;



The first condition detectsvoxels closerthanthe currently displayedvoxel. As they
have atleastthe sameintensityasthe currentlydisplayedone,they areenterednto the
screen andz[] buffers,the backclipping planeis moved forwardto the previous
z[] position (Figure 6a). The secondconditiontakes care of new voxels which are
placedbetweerthe currentlydisplayedvoxel andthe backclipping distanceandareat
leastof the sameintensityasthe currentone.In this casethescr een andz[ ] areset
to the new voxel. Voxelsbehindthe backclipping distanceareignored(Figure6b).

value value value value z[]
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Fig. 6. Local MaximumIntensityProjectionfor non-sequentiadamples

5 Future Work

A sheaswarpbasedorojectioncouldbe usedinsteadof templateswith little impacton
performancewith the advantageof removing mostof the artifacts.Additional future
work will concentraten preprocessingndthe useof cellsinsteadof voxelsin order
to allow high-qualityMIP renderingusingthe samesorteddatastructure.

6 Results

Thevolumepreprocessintechniqueaswell asall threerenderingalgorithmspresented
in this paperhave beenimplementednto a Java applet

(http://wwwcg tuwien.ac.ateseach/vis/vismed/RMIP/). Therenderingtimesin Ta-
ble 2 have beenmeasurean a Pll/333PCusingthe Java virtual machineof JDK 1.1.6
with ajustin time compiler A C++ versionof the MIP renderingalgorithmhasshovn
an approximately30% betterperformancahanthe Java version.For measuremers
full preprocessingtepwith atoleranceof 1% hasbeenappliedto the data(SeeTable
1).

dataset | MIP [depth-shaddd_MIP
mr_angio256x256x64198ms  275ms  [274mg
mr01256x256x74 |212msg 279ms [359mg
mr03256x256x124 [343ms 457ms  |388mg
Table 2. Framerenderingtimesfor the differentalgorithmson a PI1/333 PC. The timings for
LMIP dependnthechoserthreshold.




7 Conclusion

We have presenteda new renderingalgorithmfor Maximum Intensity Projection.In
combinationwith a preprocessingtepwhich removespartsof the volume which do
notcontrikuteto aMIP imageandavolumestorageschemawhich eliminatesoverhead
for traversingemptyregionsof the volume,the algorithmachieveshighly interactve
framerates A preview modefor interactionnlow-endhardwareis providedbasically
“for free” by skippingvoxels with low datavalues.Parallel projectionis reducedto
the addition of threevaluesstoredin lookup tables.Two extensionsof the algorithm
allow to generatedepth-shadetIP andLMIP at comparablespeed Although some
artifactsare presenin the imageasno interpolationanda quick but jaggy projection
methodis used the highinteractvity of this methodmale it suitablefor explorationof
angiographyatasets.
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