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Abstract

MaximumIntensityProjection(MIP) is a volumerenderingtechniquewhich is usedto
extract high-intensitystructuresfrom volumetricdata.At eachpixel the highestdata
valueencounteredalong the correspondingviewing ray is determined.MIP is com-
monly usedto extract vascularstructuresfrom medicalMRI datasets(angiography).
Theusualway to compensatefor the lossof spatialandocclusioninformationin MIP
imagesis to view the datafrom differentview pointsby rotating them.As the gen-
erationof MIP is usuallynon-interactive, this is doneby calculatingmultiple images
offline andplayingthembackasananimation.

In this papera new algorithmis proposedwhich is capableof interactively gen-
eratingMaximumIntensityProjectionimagesusingparallelprojectionandtemplates.
Voxelsof thedatasetwhich will never contributeto a MIP dueto their neighborhood
are removed during a preprocessingstep.The remainingvoxels arestoredin a way
whichguaranteesoptimalcachecoherency regardlessof theviewing direction.For use
on low-endhardware,a preview-modeis includedwhich rendersonly moresignificant
partsof thevolumeduringuserinteraction.Furthermorewe demonstratetheusability
of our datastructurefor extensionsof theMIP techniquelike MIP with depth-shading
andLocalMaximumIntensityProjection(LMIP).
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1 Intr oduction

Theability to depictbloodvesselsis of enormousimportancefor many medicalimag-
ing applications.CT andMRI scannerscanbeusedto obtainvolumetricdatasetswhich
allow theextractionof vascularstructures.EspeciallydataoriginatingfromMRI, which
aremostfrequentlyusedfor this purpose,exhibit somepropertieswhich make theap-
plicationof standardvolumevisualizationtechniqueslikeraycasting[4] or iso-surface
extraction[6] difficult. MRI datasetscontaina significantamountof noise.Inhomo-
geneitiesin thesampleddatamake it difficult to extractsurfacesof objectsby specify-
ing a singleiso-value.

MIP exploits the fact, that within angiographydatasetsthe datavaluesof vascu-
lar structuresare higher than the valuesof the surroundingtissue.By depictingthe
maximumdatavalueseenthrougheachpixel, thestructureof thevesselscontainedin
thedatais captured.A straightforwardmethodfor calculatingMIP is to performray�
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castingandsearchfor the maximumsamplevaluealongthe ray insteadof the usual
compositingprocessdonein volumerendering.In contrastto directvolumerendering,
noearlyrayterminationis possibleandthewholevolumehasto beprocessed.Depend-
ing on thequality requirementsof the resultingimage,differentstrategiesfor finding
themaximumvaluealonga raycanbeused.

– Analytical solution: for eachdatacellwhichis intersectedby theraythemaximum
valueencounteredby therayis calculatedanalytically. Thisis themostaccuratebut
alsocomputationallymostexpensivemethod[7].

– Samplingand interpolation: asusuallydonefor raycasting,datavaluesaresam-
pledalongtheray usingtrilinear interpolation.Thecostof this approachdepends
onhow many interpolationsthatdonotaffect theresultcanbeavoided[7][9].

– Nearest neighbor interpolation: valuesof the datapointsclosestto the ray are
taken for maximumestimation.In combinationwith discreteray traversalthis is
thefastestmethod.As no interpolationis performed,thevoxel structureis visible
in theresultingimageasaliasing[1].

Recentalgorithmsfor MIP employ a setof approachesfor speedingup therendering:

– Ray traversal and interpolation optimization: Sakaset al. [7] interpolateonly
if the maximumvalueof the examinedcell is larger thanthe ray-maximumcal-
culatedsofar. For additionalspeedupthey useintegerarithmeticfor ray traversal
anda cache-coherentvolumestoragescheme.Zuiderveld et al. [9] apply a sim-
ilar techniqueto avoid trilinear interpolations.In addition,cells containingonly
backgroundnoisearenot interpolated.For furtherspeedupa low-resolutionimage
containinglower-boundmaximumestimationsfor eachpixel is used.Cells with
valuesbelow this boundcanbeskippedwhenthefinal imageis generated.Finally
a distance-volumeis usedto skipemptyspaces.

– Usegraphics hardware: Heidrich at al. [3] useconventionalpolygonrendering
hardwareto simulateMIP. Several iso-surfacesfor differentthresholdvaluesare
extractedfrom the dataset.Before rendering,the geometryis transformedin a
way, that the depthof a polygoncorrespondsto the datavalueof its iso-surface.
MIP is approximatedby displayingthez-buffer asa rangeof grayvalues.

– Splatting and shear warp: Several approaches[1],[2] exploit the advantagesof
shear-warprendering[5] to speedupMIP. Caietal.[1] useanintermediate“work-
sheet”for compositinginterpolatedintensitycontributionsfor projectionof asingle
sliceof thevolume.Theworksheetis thencombinedwith theshearimageto ob-
tain themaxima.Severalsplattingmodeswith differentspeed/qualitytradeoffs are
available,run-lengthencodingandsortingof the encodedsegmentsby valueare
usedto achievefurtherspeedup.

As aMIP containsnoshadinginformation,depthandocclusioninformationis lost (see
Figure1a).Structureswith higherdatavaluelying behinda lower valuedobjecteven
appearto be in front of it. The mostcommonway to easethe interpretationof such
imagesis to animatetheviewpointwhile viewing.Anotherapproachis to modulatethe
datavaluesby theirdepthto achieveakind of depthshading[3] (seeFigure1b).As the
datavaluesaremodifiedbeforefinding themaximum,MIP anddepthshadedMIP of
thesamedatamaydisplaydifferentobjects.



(a) (b)

(c) (d)

Fig.1. a) MIP of a testdatasetcontainingsoft boundedcylinders;b) Although depthshading
providessomedepthimpression,the cylindersseemto intersect;c), d) While LMIP provides
moreinformationonthespatialstructure,theresultsaresensitiveto thethreshold:c) high,d) low

Depthshadingprovidessomehintson thespatialrelationof objects.However it’s per-
formanceis ratherpoorespeciallyfor tightly groupedstructures.In suchcasesClosest
VesselProjection[7] or LMIP [8] can be used.As for MIP the volume is traversed
alonga ray, but thefirst local maximumwhich is above a userdefinedthresholdis se-
lectedasthepixel color. If novalueabovethethresholdis foundalongaray, theglobal
maximumalongtheray is usedfor thepixel. With a high thresholdvaluethis method
producesthesameresultasMIP, with acarefullyselectedone,lessintensestructuresin
front of moreintensebackgroundaredepicted,producinganeffect similar to shading
(seeFigures1c,d). As this methodis very sensitive to thesettingof thethreshold,the
ability to interactively tunethisparameteris extremelyimportant.

In the following we presenta novel approachto generateMIP images.In Section
2 we discusshow to preprocessthe volumedatato eliminatevoxels which will not
contributeto aMIP. Furthermorewepresentavolumestorageschemewhichgetsrid of
overheadassociatedwith skippingthosevoxelsfor rendering.In Section3 thealgorithm



for generatingMIP is presented.In Section4 extensionsof thealgorithmfor generating
depth-shadedMIP andLMIP usingourdatastructurearediscussed.
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Fig.2. Detectionof voxels , which do not contribute to MIP. For simplicity thedifferentcases
areshown in 2D. a) , irrelevant for raysthrough -/. as 0213-/.547680213,94 b) , irrelevant for rays
through -/. . If discrete26-connectedraysaretrackedasin our algorithm,thetwo voxelswith a
valueof 3 neednot to beconsidered,asa ray through , and - cannot passthroughthem.c) ,
irrelevantfor raysthrough- . asraymaximaaredeterminedby voxels :<; . d) , irrelevantfor rays
through-/. , asraymaximaaredeterminedby voxels :<; .

2 Preprocessingand VolumeStorage

Most approachesto optimize volume traversalaim on excluding from the traversal
andrenderingprocessvoxelswhichcontainless-importantinformationlike low-valued
backgroundnoise.In fact,in additionto this low-importancedata,volumetricdatasets
usuallycontaina remarkableamountof voxelswhichnevercontributeto aMIP image.
A voxel = is never visible andcanbe discardedif all possibleraysthroughthevoxel
hit anothervoxel > with ?A@B>DCFEG?H@5=IC eitherbeforeor afterpassingthrough = , where?H@5=IC is the datavalueat voxel = . This fact canbe exploited whenoriginal voxel val-
uesareusedfor renderingusingnearestneighborinterpolation.Thehiddenvoxelscan
be identifiedby classifyingall 26 neighboringvoxels >KJ accordingto thebehavior of
rayspassingthrough >LJ and = . If = doesnot contributeto theraysthroughany of it’s
neighbors,it canberemoved.For efficiency reasons,thisprocessis subdividedinto four
steps,first consideringonly thevaluesof thedirectneighbors> J :

– If for a directneighbor?A@B>KJMCNE8?A@B=2C , all raysthrough >LJ and = will have at least
thevalue ?A@B>KJOC , = is notneeded(seeFigure2a).



– If for a direct neighbor ?H@5>KJMCQPR?A@B=2C , but all possibleviewing rays incoming
from >LJ through = hit direct neighbors>TS of = , with UWVMX/@5?A@B>YSZC[C\E]?H@5=IC , all
rays through >KJ and = will have at leasta valueof UWVOX/@^?H@5>YS_C`C . Thus = hasno
influenceon raysthrough> J (Figure2b).

– If thefirst two testsfail for voxel >LJ , theraysthrough= and >KJ still maybeinflu-
encedby moredistantvoxels abS . If UWVMX/@5?A@BabS_C`CcEd?A@B=2C andevery ray hits someaAJ , all raysthrough>LJ and = arenot influencedby = . (Figure2c)

– Else,raysentering= through> J andleaving through> S maybeblockedby distant
voxels afe with UWVMX/@5?A@BafegC`ChEi?A@B=2C . In this case,= hasalsono influenceon the
maximaof therays.(Figure2d)

Voxeleliminationbasedonthefirst two testscanbeperformedrapidlyby accessingjust
directneighborsof eachvoxel.Thetrackingof raysto moredistantvoxelscanbeimple-
mentedby recursively scanningthesub-volumecontainingall affectedrays.Recursion
in a certaindirectionis terminatedif a voxel ?A@BabS_CcEj?H@5=IC is foundwhich blocksall
raysin this direction.To avoid unnecessaryrecursive checks,voxelsscheduledfor re-
moval arereplacedby theminimumof theirobscuringvalues(which is always E their
original value).To compensatefor noisein thedataandto increasethenumberof re-
jectedvoxelsa userdefinabletolerancek canbeincludedinto thecomparisonprocess,
artificially loweringthevalueof eachcheckedvoxel = by k . For voxel reductionrates
usingdifferenteliminationeffortsandtolerancevaluespleasereferto Table1.

dataset resolution Fast, l =0% Full, l =0% Fast, l =1% Full, l =1%
mr angio 256x256x64 25% 47% 29% 53%
mr01 256x256x74 33% 46% 45% 55%
mr03 256x256x124 29% 58% 29% 58%

Table1.Volumereductionrates.Fastoptimizationconsidersonlydirectneighbors,full optimiza-
tion performsrecursionup to a distanceof 10 voxels.Theresultsshow thepercentageof voxels
removed.Thefastoptimizationtakesabout5son a PII/333,a non-optimizedimplementationof
thefull preprocessingtakes3-4minutesfor the256x256x74dataset.

Although distancevolumesarean efficient way to skip large emptyvolumeregions,
they are lesssuitedfor volumeswith large numbersof small empty spacesor even
singleemptyvoxels.In addition,severalaccessesto distancedatastoredin theempty
spaceareusuallyrequiredto skipagap.

Thedatastructurecommonlyusedto storevolumedatais a 3D arraywhich stores
explicitly datavaluesandencodestheirpositionin spaceimplicitly in thevalue’sposi-
tion in storage.

A way to completelyget rid of unwantedvoxels from a volumeis to storethe re-
quiredvoxels in anarrayof voxel-positionsandto encodethevalueof thevoxels im-
plicitly into theirpositionin thisarray(SeeFigure3). Therequiredsortingof all voxels
accordingto their datavaluecanbe performedin linear time, asthe limited rangeof
possibledatavaluesallows to usehistogrambasedsorting.Thecoordinatesof a voxel
within a volumetricdatasetcanbepackedinto a 32 bit integer, allowing theencoding
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Fig.3. Value-sortedarraystructure:All voxels aresortedaccordingto datavalueandtheir po-
sition in spaceis storedin anarray. An additionalindex pointsto thefirst voxel in thearrayfor
eachpossibledatavalue

of volumesof up to 2048x 2048x 1024voxels.A straightforward conversionof a
16 bit/valuevolumeto a 32-bit positionrepresentationwoulddoublethememorycost.
Omitting the voxels which have beenmarked by the preprocessingstepas irrelevant
leadsto a factorof 1.0 to 1.5 in storagesizecomparedto theoriginal data.By storing
voxelsin a value-sortedarraywegainseveralimportantadvantagesfor MIP:

– The voxels can be splattedin the orderof ascendingdatavaluesas the array is
traversed.Thereforecomparing thevalueof theactualvoxel with thescreencon-
tent is not necessary. Thevalueof theactualvoxel is always E thecontentof the
screen,thusit’sprojectioncanbewritten into theimage.

– As the array is traversedin the sameway independentof the viewing direction,
optimum cachecoherencyis alwaysachieved.

– As blood vesselsare representedby high datavalues,lower datavaluesusually
containlessimportantinformation.If an interactive displayof the full dataset is
not possibleon thegivenhardware,lower intensityvaluescanbesimply skipped
(SeeFigure4) to achieve interactivity duringuserinteractions.Thealgorithmcan
beadjustedto displayMIP atany desiredframerate. Thenumberof voxelswhich
canbedisplayedataspecificframeratecanbeeasilyderivedautomaticallyfrom a
measurementof thenumberof voxelswhichcanberenderedpersecond.

Thevoxel arraystructuredoesnotstoreneighborhoodinformation.It is thereforemost
usefulfor algorithmswhichwork with voxelsratherthancells.Acquiringtheeightdata
valuesof a cell from thearraywithout accessto theoriginal volumedatawould bea
ratherinefficient task.

3 Maximum Intensity Projection

As thevoxelsof thevolumeareprocessedin anarbitraryspatialorderwhich is defined
by the orderwithin the value-sortedarray, fast incrementaltechniquesfor projecting
voxelsalongaraycannotbeused.Theparallelprojectionm of apoint in 3D,however,
canbeexpressedasthesumof independentprojectionsof it’s n , o , and p components.
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(a) (b)

Fig.4. a)MIP of themr01dataset,2.6Mvoxels.b) Interactivepreview of thesamedataat10fps
on a P233MMX with approximately25%of thevolumedatadisplayed.Only slight differences
arenoticeable

Theprojectionsof eachpossiblevoxel coordinatealongacoordinateaxiscanbeprecal-
culatedandstoredinto a template.A combinationof threetemplatesxs,ys,zs, canbe
usedto inexpensivelycalculatethepositionof eachvoxel’sprojectiononthescreen.For
increasedefficiency, the templatescanimmediatelystoreoffsetsinto the imagebuffer
insteadof x/y screencoordinates.Theresultingrenderingloop is simpleandefficient:

xs=make_template(viewmatrix, volumesize_x);
do the same 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[xs[voxpos.x]+ys[voxpos.y]+zs[voxpos.z]]=color;

end
end

Similar to other MIP algorithmsthis approachis also a tradeoff betweenspeedand
quality. As eachvoxel of the dataset is projectedonto exactly onepixel, the sizeof
theresultingimagedependson thesizeof thevolume.Furthermorethecompositionof
multipleintegertemplatesfor determiningthepositionof theprojectionin combination
with theprojectionof a voxel ontoexactly onepixel mayproduce“holes” within the
projectionof thevolume.Althoughclearlyapparentin a staticimage,dueto thehigh
interactivity of this methodtheseartifactsdo not disturb the perceptionof the data
during interactive work. The artifactscanbe significantlyreducedby usingsub-pixel
coordinatesin x-direction.As the templatesstoreoffsetsinto the imagebuffer ( n

y
VOUh| >}VM?�~`���Yo ) insteadof x/y coordinates,subsamplingin y-directionis notpossible.



(a) (b)

Fig.5. a)MIP of themr03angiographydatasetwith depthshading.b) LMIP of mr01

4 Extensions

The algorithm presentedin the previous sectioncan be easily extendedto generate
depth-shadedimages(Figure5).Similarto thescreenpositiontemplates,threez-templates
aregeneratedto calculatethedepthof eachvoxel’s projection.The intensityvalueof
eachvoxel is modulatedby it’sdepthandwritteninto theimagebuffer only if thevalue
of the pixel at this positionis smallerthanthe new value.As the depictedmaximum
valuesdo not directly correspondto datavalues,applyingthis methodto preprocessed
volumedatamayproduceincorrectresults.

Thesecondextensionof thealgorithmis capableof generatingLMIP imagespro-
viding the possibility to interactively adjustthe thresholdparameter. For generatinga
MIP image,theorderof examiningsamplesalongarayis notrelevant.Straightforward
LMIP requiresthesamplesto beprocessedfront to backalongtheviewing ray in order
to find thefirst local maximum.Usingz-templatesfor voxel depthcalculationandtwo
z-buffersperpixel allows to extract theclosestlocal maximumfrom samplesarriving
in arbitraryorder. Thez[pix] buffer storesthe depthof thecurrentlyvisible voxel,
while zb[pix] storesa “back-clipping” distancefor eachpixel. As the voxels are
processedin orderof ascendingdatavalue,all voxelsbelow theLMIP-thresholdcanbe
first projectedusingthesimpleandfastMIP algorithmwithout z-calculationandlocal
minimum tracking.Among all voxels above the thresholdwhich areprocessedlater,
closestlocalmaximahaveto befound.At thebeginning,z[] is initializedto containthe
maximumpossibledistance.With z andv containingthedepthandvalueof aprojected
voxel, theclosestlocalmaximumalonga ray is foundby

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

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



The first conditiondetectsvoxels closerthan the currentlydisplayedvoxel. As they
haveat leastthesameintensityasthecurrentlydisplayedone,they areenteredinto the
screen andz[] buffers, the backclipping planeis moved forward to the previous
z[] position (Figure6a). The secondcondition takescareof new voxels which are
placedbetweenthecurrentlydisplayedvoxel andthebackclippingdistanceandareat
leastof thesameintensityasthecurrentone.In thiscasethescreen andz[] areset
to thenew voxel. Voxelsbehindthebackclippingdistanceareignored(Figure6b).

value

depth

value

depth

zb[]z z[]
zb[] z[]
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depth
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depth
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Fig.6. LocalMaximumIntensityProjectionfor non-sequentialsamples

5 Future Work

A shear-warpbasedprojectioncouldbeusedinsteadof templateswith little impacton
performance,with the advantageof removing mostof the artifacts.Additional future
work will concentrateon preprocessingandtheuseof cells insteadof voxels in order
to allow high-qualityMIP renderingusingthesamesorteddatastructure.

6 Results

Thevolumepreprocessingtechniqueaswell asall threerenderingalgorithmspresented
in thispaperhavebeenimplementedinto aJava applet
(http://www.cg.tuwien.ac.at/research/vis/vismed/RT-MIP/). The renderingtimesin Ta-
ble2 havebeenmeasuredona PII/333PCusingtheJavavirtual machineof JDK 1.1.6
with a just in timecompiler. A C++ versionof theMIP renderingalgorithmhasshown
an approximately30% betterperformancethanthe Java version.For measurementa
full preprocessingstepwith a toleranceof 1% hasbeenappliedto thedata(SeeTable
1).

dataset MIP depth-shadedLMIP
mr angio256x256x64198ms 275ms 274ms
mr01256x256x74 212ms 279ms 359ms
mr03256x256x124 343ms 457ms 388ms

Table 2. Framerenderingtimesfor the differentalgorithmson a PII/333 PC. The timings for
LMIP dependon thechosenthreshold.



7 Conclusion

We have presenteda new renderingalgorithmfor Maximum IntensityProjection.In
combinationwith a preprocessingstepwhich removespartsof the volumewhich do
notcontributeto aMIP imageandavolumestorageschemewhicheliminatesoverhead
for traversingemptyregionsof the volume,the algorithmachieveshighly interactive
framerates.A preview modefor interactionsonlow-endhardwareis providedbasically
“for free” by skippingvoxels with low datavalues.Parallel projectionis reducedto
the additionof threevaluesstoredin lookup tables.Two extensionsof the algorithm
allow to generatedepth-shadedMIP andLMIP at comparablespeed.Although some
artifactsarepresentin the imageasno interpolationanda quick but jaggyprojection
methodis used,thehigh interactivity of thismethodmake it suitablefor explorationof
angiographydatasets.
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