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Computedmicrotomography(CMT) is apowerful tool for obtainingnondestructivelya
three-dimensionalview of theinternalstructureof opaqueobjects[4]. In contrastto the
widespreaduseof thistechniquein themillimeterscaleaspartof diagnosticprocedures
in hospitals,weareinterestedin theinvestigationof objectson themicrometerscale.

An applicationof this methodis, for example,thequalitycontrolprocessesduring
the productionof three-dimensionalsemiconductorwavers. Being able to visualize
thedetailsof chip waversin all threedimensionsallowsengineersto improvethechip
designbeforeproduction.Otherexamplescanbe found in the field of earthscience,
wherecommontasksinclude investigationof the interior of a very small meteorite
andstudyof theenclosuresof very tiny materialsin opaquediamondsformed100,000
yearsago,in orderto determinemoreabouttheorigin anddevelopmentof theearth.

The energy and the infrastructurenecessaryto conductsuchexperimentscanbe
provided by usingx-ray beamsat synchrotrons.The useof x-rays for investigating
the internalstructureof materialsat themicronscalehasgrown rapidly over thepast
decadeasaresultof theavailability of synchrotronradiationsources.Onesuchfacility
is theAdvancedPhotonSource(APS)at ArgonneNationalLaboratory.

A typical computedmicrotomographyexperimentat theAPSproceedsasfollows.
A sampleis mountedin theexperimentstation,parametersareadjusted,andthesample
is illuminatedby a colliminatedbeamof x-rays.Datais collectedfor multiple sample
orientationsby usinga charge-coupleddevice. A time-consumingreconstructionpro-
cessis then usedto obtain a three-dimensionalrepresentationof the raw datawith
spatialresolutionof aslittle as1 mm. The3-D imagecontainsquantitativeinformation
aboutthex-rayattenuationcoefficientat aparticularx-rayenergy.

Themany ordersof magnitudeincreasein brilliancenow availableatthird-generation
sourcessuchas the APS allows dramaticimprovementsin temporalresolutionand
makesit feasibleto recordfully 3-D, high-resolutiontomographicdataon time scales
of lessthanasecondperimage.

Nevertheless,amajordifficulty with thecurrentpracticeis theturnaroundtimebe-
tweenthedataacquisitionandthereconstruction,oftendueto lack of availablecom-
putingpower. This is especiallyproblematicfor all synchrotron-basedexperimentsbe-
causeonly a limited amountof beamtime is availablefor auser. Theuseof distributed
supercomputingpowercanreducethis turnaroundtime to a few hoursor minutes,en-
ablingtheusersto view theresultsin quasi-realtimeandto alterexperimentconditions
onthefly. Thiscapabilitycangreatlyimprovetheusefulnessof asynchrotronradiation
facility.����� ���������� "!#�$�&%'��������%�(*)+
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We haveprovideda generalframework for CMT applicationsthatis basedon thecon-
ceptof aprocessingpipeline[7][8]. Thepipelineconsistsof aseriesof componentsthat
communicatewith eachothervia input andoutputchannels.Eachof thecomponents
canbemapped,in principle,ontodifferentcomputationalresources.Thusthe frame-
work ideally canbemappedontocomputationalGrids[2]. TheCMT pipelinehasthe
following additionalproperties:



2

Data format: HDF is usedto guaranteeportability of the dataacrossa variety
of diversecomputeplatforms. In addition, it providesthe ability for self-describing
data,which will enablethe organizationof largesubject-relateddataarchivesin near
future[1][5].

Data interchange: TheGlobusNexuscommunicationlibrary is usedto allow the
supportof multiple protocolsaspart of the messageexchangemechanism.The pro-
tocol is selectedbasedon its availability andperformancecharacteristicsbetweenthe
computationalprocessingunitsconnectedvia thechannels.

Preprocessing algorithm: To improve the quality of the reconstruction,images
shouldbepreprocessedwith appropriatefilters. Thepreprocessingalgorithmusually
variesfrom experimentto experiment.A setof predefinedstandardpreprocessingal-
gorithmsis availablethat canbe easilyusedwithout recompilingthe code. The user
canextendtheavailablepreprocessors.

Reconstruction algorithm: Currently, we usea high-performanceparallel im-
plementationof reconstructionalgorithmsfor microtomographydatasets,basedon a
filteredbackprojectiontechnique.

Interleaved reconstruction and visualization: Resultingimagesareshippedin
real time to a visualizationunit to graduallyupdatea 3-D renderedimageduring the
experiment. This gradualupdateis important to allow decisionsas to whetherthe
experimentshouldcontinue. If the experimentdoesnot perform as expected,it is
terminated.

Integrated visualization and collaboration engine: Onegoal of this project is
to enableresearchersto participatein anexperimentfrom their homeinstitutionrather
thanto travel to theAPS(compare[6]). A beamlinescientistwill beableto handlethe
experimentlocally while communicatingwith the scientistdesigningthe experiment.
A remotevideoconferencingtoolallowssuchcollaboration.In addition,the3-D image
analysistool containsa controlcomponentthatenablescollaborative visualizationon
avarietyof outputdevicesincludinggraphicsworkstations,ImmersaDesks(Figure1),
andCAVEs. This allows the resulting3-D imageto be renderedrapidly. Moreover,
it providesa sharedcontrol amongthe usersparticipatingin a collaborative session,
enablingcomputationalsteeringof the experiment.This generalvisualizationframe-
work [3] is currentlyreusedalsoby scientistsfrom differentdisciplineswith similar
visualizationrequirements(e.g.,electronmicroscopy andastrophysics).����< =>�?���@�$���BA>�C�D�	%@(E(B�@�$1#�'.
Thecomputationalframeworkbasedonaprocessingpipelinepresentsseveralscientific
andcomputationalchallenges.FHGJI?G�K L�MON P,Q�RSMJT�UWVXTZY\[�Q/]&^�TX_`PaRcbX]dPaMe^-T
As noted,wecurrentlyuseareconstructionalgorithmbasedonfilteredbackprojection.

Beforethe reconstructionalgorithmis performeda numberof filter operationsis
appliedto improvetheimagequality. Theraw projectiondatatypically containsmany
artifactsresultingfrom beamnon-uniformityanddefectsin thescintillator, lensandthe
detector. They canbeeffectively correctedby removing black-andwhite-fieldimages
with thefollowing method:
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Figure1: A screenshotof theImmersaDesktakenduringa collaborativesessionwith
two users.The control panelallows the userto modify parameterssuchasthe color
tablesusedto control the position, the size, and the orientationof the object. The
innermarkupof theobjectcanbeanalyzedfurtherwith thehelpof cross-sectionsand
transparentmaskingof uninterestingfeatures.
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are the

white- andblack-fieldimages,respectively. This filtering processgivesthe line inte-
gral of theabsorptionthroughthesamplealongthebeamdirection. Thecollectionof
suchfilteredprojections

f@t�u swv$swxXy is thentheRadontransformof thesample’s three-
dimensionalabsorptionmap z (x, y, z). Somephaseinformationis usuallypresentin
the images,but is minimized by reducingthe distancebetweenthe sampleand the
scintillator screen(lessthan5 mm in our case). We can thereforeignore the phase
informationin ourcalculationswithout introducingmuchobservableartifacts.

An outlier filter is sometimesusedto remove isolatedhigh-intensitypointsresult-
ing from pixel defectsin the CCD chip or from cosmicrays. It calculatesthe local
medianandstandarddeviation for eachpixel in the image,andreplacesthe pixel by
themedianif thepixel valueis morethanacertainnumberof standarddeviationsaway
from the median. A least-squaredeconvolution (Wiener)filter hasalsobeenimple-
mentedto restoretheimagesdegradedby theopticalsystem,but sincetheimagesare
undersampledin mostcases,it is applicableonly whenthe40 { objective is in use.

Beforetheprojectionsareusedin reconstructioncalculations,they mustbealigned
to oneanothersothat therotationaxis is locatedat thecenterof theimages.We have
learnedthatour rotationstagebearingtypically hasanradialrunouterroron theorder
of 1 | m. Therefore,for imageswith 1 to 2 | m resolution,eachprojectionmustbe
alignedindividually. For the projectionsat 6 | m or lower resolution,however, the
stageerrorcanbe ignoredandwe only needto determinethe locationof the rotation
axis in onethencollectively shift themall by the sameamount. A cross-correlation
function is usedto identity the rotationaxis. We reversethe projectionacquiredat}�~/�/�

angleandcomputethecross-correlationfunctionwith the
�/�

image:
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wheref representsthe

�/�
imageandg representsthereversed

}�~/�/�
image.Ideally, f

andg arethesameimagebut shiftedfrom eachother, andtherotationcenteris located
half way betweentheshift features.Thepeakof thecorrelationfunctionindicatesthe
amountof shift betweenthe two imagesandthereforehow mucheachimageis to be
shifted.In practice,thecross-correlationfunctionis calculatedusingtheproperty� t0����� y g � �� t�f y � t �Zy`s

where
�

indicatesa Fourier transform. For the higher resolutionimages,such
cross-correlationcalculationsmustbeperformedoneachprojectionto bothcorrectfor
therotationstageerrorsandtheshift from therotationcenter. In thespecialcaseswhen
theobjectis of highcontrastandcompletelylocatedinsidetheimagingfield, theimage
centroidcanbecomputedandserveasthealignmentmarkfor centering.

Thereconstructionprogramsusedin ourexperimentsarebasedonacodeprovided
by Ellisman andYoung from the NationalCenterfor Microscopy and Imaging Re-
searchat theSanDiegoSupercomputingCenter[6]. Threecommonlyusedalgorithms,
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filtered backprojection,ART, and SIRT have beenimplemented,but becauseof the
high angularsamplingrateusedin our experiments,filtered backprojectionis almost
alwaysusedbecauseof its higherspeed.Theoriginal codehasbeenoptimizedfor our
parallelcomputerandacquisitionscheme.In our casewherea singlerotationaxis is
used,thereconstructioncalculationfor eachsectionis independent.

Hence,this algorithmparallelizesnicely in thateachslice in a datasetcanbepro-
cessedindependently. Hence,theprincipalchallengeis to developefficient techniques
for moving databetweendetector, secondarystorage,supercomputers,andworksta-
tionsfor visualizingresults.FHGJI?GJ� ��Q�����]&�?bZM _�M PaMe^-ThVZTXY\[�Q/]&^-T�_`PaRcbX]&P`MO^�Th�?PaR�V�P,Q�U�M Q/_
Accessto alargeamountof computationalpowerallowstheuseof new acquisitionand
reconstructionstrategies. Traditionally, datais collectedat microtomographicbeam-
linesat constantangleoffsets: for example,0, 1, 2, ... degreesif 360samplesareto
betaken. In aninteractiveenvironmentsuchaswe describehere,it becomesattractive
insteadto usean interleaved anglelist. For example,we may first gatherimagesat
60-degreeoffsets(0, 60,120,180,240,300),thencollectadditionalimagesto provide
a 30-degreesampling,andso on until a complete1- degreedatasetis obtained.The
advantageof this strategy is that the reconstructionalgorithmcanbe run repeatedly,
oncefor eachmoredetailedsetof data;hence,the scientistobtainsa seriesof more
refinedimagesandmaybeableto detecta flawedexperimentalsetupearly in thedata
collectionprocess.

Another interestingdirectionthat is enabledby the availability of supercomputer
resourcesis thefollowing. In principle,reconstructionqualitycanbeimprovedby per-
formingmultiple reconstructionswith differentalgorithmsandparametersettings.We
arehopeful that the enhancedcomputepower madeaccessibleby grid environments
will initiate a new areain thedevelopmentof reconstructionalgorithmsfor computed
microtomographyandotherdisciplines.FHGJI?GJI �#^-� ��b�P`V�P`MO^�TXVXNH[�Q/�?bZMOR�Q��¡Q�T�P,_
Thedataratesandcomputepower requiredto addressaCMT problemareprodigious,
easilyreachingonegigabitpersecondandoneterafloppersecond.We illustratethis
statementwith a scenario. A 3-D raw datasetgeneratedby a typical detectorwill
comprise10001024 { 1500two-byteslices(3 GB); detectorswith significantlyhigher
resolutionswill soonbe available. If we assumecurrent reconstructiontechniques
andmake fairly optimisticscalingassumptions,reconstructionof this datasetrequires
about1013 floating-pointoperations(10 Tflops). On a 100 Mflop/secworkstation,
this translatesto 32 hours;on a 1 Tflop/seccomputer, it would take 10 seconds.With
currentdetectortechnologies,thisdatasetmighttake1500secondsto acquire;however,
new detectorswill improve readouttimes considerably. Besidesthe computational
demandresultingfrom thereconstructionof the3-D object,thedisplayof therendered
final result is alsoa problemwith the currentstate-of-the-artimaginghardware. The
sizeof thedatasetsgeneratedin theseexperimentscanbequite large,typically on the
orderof

}���¢d£/¤
floating-pointvalues.Currently, eventheacceleratedgraphicshardware

usedbyourapplicationhastroublekeepingupwith volumesof thissize,andthedataset
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needsto be subsampleddown to
¢�¥�¦�¤

floating-pointvaluesin order to maintainits
frameratesfor interactiveusage.���E§ ¨��4�	�HA��&.©�@ª¬«­�'%@(J®¯�°�0 7�²±¡®�«­%?³µ´¶�E�$
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%#!#�	³µ·¹¸@!#�@
,�º® 7�@�	�&.
Theframework describedin thischapteroffersseveralbenefitsto theenduser. First,a
fastreconstructionalgorithmcanbeusedto helpdecidewhetherthecurrentexperiment
hasto be interruptedprematurelybecauseof anerror in thesetup.This will allow for
anincreasein thenumberof experimentsto beconductedperhour. In orderto handle
thecomplicatedanddiversesupercomputingenvironments,it is essentialto provide a
simpleinterfacegiving thebeamlineexperimentalistcontrolover theparameterset,as
well asthepossibilityto terminatethecurrentcalculationat any time.

Besidesthe requirementsdriven by the computationalaspectof the application,
organizationalaspectsbenefitfrom the framework describedin this chapter. Because
of thehazardousandoftenunpleasantenvironmentat thebeamline,remoteoperation
is desirable.With remoteoperation,thefacility canmaintaina smallbut well-trained
teamof beamlinestaff experimentalists.This approachoffers several advantages.It
reducestheoperationalanduser-specificcostandminimizestravel costto theunique
facility. Furthermore,it increasesthe accesstime to the beamlinewhile minimizing
theeffort requiredby trainedexpertsto setup experiments.With theavailability of a
collaborative andremotesteeringenvironment,new usercommunitiesin commercial
andeducationalfacilitiesarelikely to usethesupercomputing-enhancedlight sources
in remotefashion. During an experimentmultiple usersusingdifferentvisualization
enginesat geographicallydispersedlocationsshouldbeableto collaborateeasilywith
eachother. The detailsof this infrastructurewill be hiddenfrom the endusers,the
microtomographyscientists.For theseusersit is irrelevantwhereandhow theresultis
achieved,aslong astime andcomputationalaccuracy requirementsaremet. Figure2
showssucha grid-enabledcollaborativeapplication.����» =¼�# " 7%	

³
In this chapterwe have describeda grid-enabledreal-timeanalysis,visualization,and
steeringenvironmentfor microtomographyexperiments. Specifically, we have pro-
videda portableparallelframework thatallows differentreconstructionalgorithmsto
be portedon the Grid. A standarddataformat basedon HDF is definedto distribute
thedataamongscientistsin a meaningfulway.

The real-timevisualizationenvironmentdevelopedfulfills the basicneedsof the
microtomographyscientists.Moreover, with the availability of this environment,we
anticipatethatscientistswill make algorithmimprovements,for example,includinga
priori knowledgeof a previous reconstructionin order to increasethe quality of the
image.Thecurrentsystemhasbeensuccessfullyusedin variousexperiments.

In thefuture,wewill focusontheuseof new modalitiesin real-timereconstruction
for interactive useandwill explore the collaborative analysisof results. In addition,
we will emphasizeimprovementsto the usageof dynamicschedulingof computers,
high-speednetworking,andcollaborationtechnologies.
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Figure 2: A The “grid-enabled”CMT applicationallows researchersto display the
samestateof thevisualizedobjectonall displaystationsparticipatingin acollaborative
session. Remotecomputationand steeringbecomepossibleacrossmultiple access
points.
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