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0.1 Introduction

ComputednicrotomographyCMT) is apowerful tool for obtainingnondestructiely a
three-dimensionaliew of theinternalstructureof opaqueobjects[4. In contrasto the
widespreadiseof thistechniquén themillimeterscaleaspartof diagnostigorocedures
in hospitalswe areinterestedn the investigationof objectson the micrometerscale.

An applicationof this methodis, for example,the quality control processeduring
the productionof three-dimensionatemiconductowavers. Being ableto visualize
thedetailsof chip waversin all threedimensionsllows engineerdo improve the chip
designbeforeproduction. Otherexamplescanbe foundin the field of earthscience,
where commontasksinclude investigationof the interior of a very small meteorite
andstudyof the enclosure®f verytiny materialsn opaquediamondsormed100,000
yearsago,in orderto determinemoreaboutthe origin anddevelopmenbf theearth.

The enegy andthe infrastructurenecessaryo conductsuchexperimentscan be
provided by using x-ray beamsat synchrotrons.The use of x-raysfor investigating
theinternalstructureof materialsat the micron scalehasgrown rapidly over the past
decadeasaresultof theavailability of synchrotrorradiationsourcesOnesuchfacility
is the AdvancedPhotonSource(APS) at ArgonneNationalLaboratory

A typical computedmicrotomographyexperimentat the APS proceedssfollows.
A samplds mountedn theexperimentstation parameterareadjustedandthesample
is iluminatedby a colliminatedbeamof x-rays. Datais collectedfor multiple sample
orientationshy usinga chage-coupledievice. A time-consumingeconstructiorpro-
cessis thenusedto obtain a three-dimensionatepresentatiorof the raw datawith
spatialresolutionof aslittle as1 mm. The 3-D imagecontaingjuantitatie information
aboutthex-ray attenuatiorcoeficientat a particularx-ray enegy.

Themary ordersof magnitudeéncreasen brilliancenow availableatthird-generation
sourcessuchasthe APS allows dramaticimprovementsin temporalresolutionand
malkesit feasibleto recordfully 3-D, high-resolutiortomographicdataon time scales
of lessthana secondberimage.

Neverthelessa majordifficulty with the currentpracticeis theturnaroundime be-
tweenthe dataacquisitionandthe reconstructionpften dueto lack of availablecom-
putingpower. Thisis especiallyproblematidor all synchrotron-baseekperimentse-
causeonly alimited amountof beamtime is availablefor auser Theuseof distributed
supercomputingower canreducethis turnaroundime to a few hoursor minutes,en-
ablingtheusergo view theresultsin quasi-reatime andto alterexperimentconditions
onthefly. This capabilitycangreatlyimprovetheusefulnessf asynchrotrorradiation
facility.

0.2 The Computational Processing Pipeline Framework

We have provideda generafframeavork for CMT applicationghatis basedn thecon-
ceptof aprocessingipeline[7[8]. Thepipelineconsistof aseriesof componentshat
communicatevith eachothervia input andoutputchannels Eachof the components
canbe mappedjn principle, onto differentcomputationatesourcesThusthe frame-
work ideally canbe mappedonto computationalsrids[2]. The CMT pipelinehasthe
following additionalproperties:



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

Data interchange: The Globus Nexus communicatioribrary is usedto allow the
supportof multiple protocolsas part of the messagexchangemechanism.The pro-
tocol is selectethasedon its availability andperformancecharacteristicbetweerthe
computationaprocessinginits connectedia the channels.

Preprocessing algorithm: To improve the quality of the reconstructionjmages
shouldbe preprocessedith appropriatdilters. The preprocessinglgorithmusually
variesfrom experimentto experiment. A setof predefinedstandardpreprocessingl-
gorithmsis available that canbe easily usedwithout recompilingthe code. The user
canextendtheavailablepreprocessors.

Reconstruction algorithm: Currently we usea high-performanceparallelim-
plementatiorof reconstructioralgorithmsfor microtomographydatasetsbasedon a
filteredbackprojectiortechnique.

Interleaved reconstruction and visualization: Resultingimagesare shippedin
realtime to a visualizationunit to graduallyupdatea 3-D renderedmageduring the
experiment. This gradualupdateis importantto allow decisionsasto whetherthe
experimentshould continue. If the experimentdoesnot perform as expected,it is
terminated.

Integrated visualization and collaboration engine: Onegoal of this projectis
to enableresearcherto participatein anexperimentfrom their homeinstitutionrather
thanto travel to the APS (compard6]). A beamlinescientistwill be ableto handlethe
experimentlocally while communicatingwith the scientistdesigningthe experiment.
A remotevideoconferencingool allows suchcollaboration.In addition,the3-D image
analysistool containsa control componenthat enablescollaboratve visualizationon
avarietyof outputdevicesincludinggraphicsworkstations)mmersaDeskg§Figurel),
and CAVEs. This allows the resulting3-D imageto be renderedrapidly. Moreover,
it providesa sharedcontrol amongthe usersparticipatingin a collaboratve session,
enablingcomputationakteeringof the experiment. This generalvisualizationframe-
work [3] is currentlyreusedalsoby scientistsfrom differentdisciplineswith similar
visualizationrequirementge.g.,electronmicroscoly andastrophysics).

0.3 Scientific Challenges

Thecomputationaframenork basednaprocessingipelinepresentseveralscientific
andcomputationathallenges.

0.3.1 Filtering and Reconstruction

As noted,we currentlyuseareconstructioralgorithmbasednfilteredbackprojection.

Beforethe reconstructioralgorithmis performeda numberof filter operationss
appliedto improve theimagequality. Theraw projectiondatatypically containsmary
artifactsresultingfrom beamnon-uniformityanddefectdn thescintillator, lensandthe
detector They canbeeffectively correctecby removing black-andwhite-fieldimages
with thefollowing method:



Figurel: A screershotof theImmersaDeskakenduringa collaboratve sessiorwith
two users. The control panelallows the userto modify parametersuchasthe color
tablesusedto control the position, the size, and the orientationof the object. The
innermarkupof the objectcanbe analyzedurtherwith the help of cross-sectionand
transpareninaskingof uninterestingeatures.
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wheref is thefiltered image,f, is the raw projection,andthef,, andf, arethe
white- andblack-fieldimages respectiely. This filtering procesgyivesthe line inte-
gral of the absorptiorthroughthe samplealongthe beamdirection. The collectionof
suchfiltered projectionsf (8, z, y) is thenthe Radontransformof the samples three-
dimensionalabsorptionmap p(X, v, 2. Somephaseinformationis usuallypresentn
the images,but is minimized by reducingthe distancebetweenthe sampleand the
scintillator screen(lessthan5 mm in our case). We canthereforeignore the phase
informationin our calculationswithoutintroducingmuchobsenableartifacts.

An outlier filter is sometimesusedto remove isolatedhigh-intensitypointsresult-
ing from pixel defectsin the CCD chip or from cosmicrays. It calculateshe local
medianand standarddeviation for eachpixel in theimage,andreplaceshe pixel by
themedianif the pixel valueis morethana certainnumberof standardleviationsaway
from the median. A least-squarelecowolution (Wiener)filter hasalso beenimple-
mentedto restoretheimagesdegradedby the optical system but sincetheimagesare
undersampleth mostcasesit is applicableonly whenthe40x objectveisin use.

Beforethe projectionsareusedin reconstructiortalculationsthey mustbealigned
to oneanothersothattherotationaxisis locatedat the centerof theimages.We have
learnedthatour rotationstagebearingtypically hasanradialrunouterroron the order
of 1 um. Therefore,for imageswith 1 to 2 um resolution,eachprojectionmustbe
alignedindividually. For the projectionsat 6 um or lower resolution,however, the
stageerror canbe ignoredandwe only needto determinethe locationof the rotation
axisin onethencollectively shift themall by the sameamount. A cross-correlation
function is usedto identity the rotationaxis. We reversethe projectionacquiredat
180° angleandcomputethe cross-correlatiofunctionwith the0° image:
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wheref representthe0° imageandg representthereversed 80° image.ldeally, f
andg arethe sameimagebut shiftedfrom eachother andtherotationcenteris located
half way betweerthe shift features.The peakof the correlationfunctionindicatesthe
amountof shift betweerthe two imagesandthereforehow mucheachimageis to be
shifted.In practice the cross-correlatiofunctionis calculatedusingthe property

F(Cyy) = F7(f)F(9),

where F' indicatesa Fourier transform. For the higher resolutionimages,such
cross-correlatiocalculationamustbe performedon eachprojectionto bothcorrectfor
therotationstageerrorsandtheshift from therotationcenter In thespecialcasesvhen
theobjectis of high contrasiandcompletelylocatedinsidetheimagingfield, theimage
centroidcanbe computedandsene asthealignmentmarkfor centering.

Thereconstructiorprogramsausedin our experimentsarebasedn acodeprovided
by Ellismanand Young from the National Centerfor Microscopy and Imaging Re-
searchatthe SanDiego Supercomputin@enter[§. Threecommonlyusedalgorithms,



filtered backprojection ART, and SIRT have beenimplemented but becauseof the
high angularsamplingrate usedin our experimentsfiltered backprojectionis almost
alwaysusedbecausef its higherspeed.Theoriginal codehasbeenoptimizedfor our
parallelcomputerandacquisitionscheme.ln our casewherea singlerotationaxisis
used thereconstructiorcalculationfor eachsectionis independent.

Hence this algorithmparallelizesnicely in thateachslicein a datasetanbe pro-
cessedndependentlyHence the principalchallengds to developefficienttechniques
for moving databetweendetector secondarystorage supercomputersand worksta-
tionsfor visualizingresults.

0.3.2 New Acquisition and Reconstruction Strategies

Accesgo alargeamountof computationapower allows theuseof new acquisitionand
reconstructiorstratgies. Traditionally, datais collectedat microtomographideam-
lines at constantangleoffsets: for example,0, 1, 2, ... degreesif 360 samplesareto
betaken. In aninteractie ervironmentsuchaswe describehere,it becomesttractve
insteadto usean interleaved anglelist. For example,we may first gatherimagesat
60-dayreeoffsets(0, 60,120,180,240,300),thencollectadditionalimagesto provide
a 30-dgreesampling,andso on until a completel- degreedataseis obtained. The
adwantageof this stratgy is that the reconstructioralgorithm canbe run repeatedly
oncefor eachmore detailedsetof data; hence the scientistobtainsa seriesof more
refinedimagesandmaybe ableto detecta flawed experimentaketupearly in thedata
collectionprocess.

Anotherinterestingdirectionthatis enabledby the availability of supercomputer
resourcess thefollowing. In principle,reconstructiorquality canbeimprovedby per
forming multiple reconstructionsvith differentalgorithmsandparametesettings.We
are hopefulthatthe enhancedcomputepower madeaccessibldy grid environments
will initiate a new areain the developmentof reconstructioralgorithmsfor computed
microtomographyandotherdisciplines.

0.3.3 Computational Requirements

Thedataratesandcomputepower requiredto addres@ CMT problemareprodigious,
easilyreachingonegigabit per secondandoneteraflopper second.We illustratethis
statemenwith a scenario. A 3-D raw datasetgeneratedy a typical detectorwill
comprisel0001024 x 1500two-byteslices(3 GB); detectorswith significantlyhigher
resolutionswill soonbe available. If we assumecurrentreconstructiortechniques
andmalke fairly optimistic scalingassumptionsieconstructiorof this datasetequires
about 1013 floating-pointoperations(10 Tflops). On a 100 Mflop/secworkstation,
thistranslatego 32 hours;on a 1 Tflop/seccomputerit would take 10 secondsWith
currentdetectotechnologiesthisdatasemighttake 1500secondso acquire;however,
new detectorswill improve readouttimes considerably Besidesthe computational
demandesultingfrom thereconstructiorof the 3-D object,thedisplayof therendered
final resultis alsoa problemwith the currentstate-of-the-arimaginghardware. The
sizeof the datasetgieneratedn theseexperimentscanbe quite large, typically on the
orderof 10242 floating-pointvalues.Currently eventheacceleratedraphicshardware
usedby ourapplicationhastroublekeepingupwith volumesof this size,andthedataset



needsto be subsamplediown to 2562 floating-pointvaluesin orderto maintainits
frameratesfor interactive usage.

0.4 Benefits of Real-Time X-Ray Microtomography Experi-
ments

Theframework describedn this chapteroffers severalbenefitsto the enduser First, a
fastreconstructiorlgorithmcanbeusedo helpdecidewhetherthecurrentexperiment
hasto be interruptedprematurelybecausef anerrorin the setup. Thiswill allow for
anincreasan the numberof experimentso be conductederhour. In orderto handle
the complicatedanddiversesupercomputingrvironmentsijt is essentiato provide a
simpleinterfacegiving thebeamlineexperimentalistontrolover the parameteset,as
well asthe possibilityto terminatethe currentcalculationat any time.

Besidesthe requirementdriven by the computationakspectof the application,
organizationabspectdenefitfrom the framavork describedn this chapter Because
of the hazardousnd often unpleasanenvironmentat the beamline remoteoperation
is desirable.With remoteoperation thefacility canmaintaina small but well-trained
teamof beamlinestaf experimentalists.This approactoffers several advantages.It
reduceghe operationabnduserspecificcostand minimizestravel costto the unique
facility. Furthermorejt increaseshe accesdime to the beamlinewhile minimizing
the effort requiredby trainedexpertsto setup experiments.With the availability of a
collaboratve andremotesteeringervironment,new usercommunitiesn commercial
andeducationafacilitiesarelikely to usethe supercomputing-enhancéght sources
in remotefashion. During an experimentmultiple usersusingdifferentvisualization
enginesat geographicallydispersedocationsshouldbe ableto collaboratesasilywith
eachother The detailsof this infrastructurewill be hiddenfrom the end users,the
microtomographycientists For theseuserst is irrelevantwhereandhow theresultis
achieved,aslong astime andcomputationabccurag requirementaremet. Figure2
shaws sucha grid-enabledtollaboratie application.

0.5 Summary

In this chaptemwe have describeda grid-enabledeal-timeanalysis visualization,and
steeringervironmentfor microtomographyexperiments. Specifically we have pro-
vided a portableparallelframenork thatallows differentreconstructioralgorithmsto
be portedon the Grid. A standarddataformatbasedon HDF is definedto distribute
thedataamongscientistsn a meaningfulway.

The real-timevisualizationervironmentdevelopedfulfills the basicneedsof the
microtomographyscientists. Moreover, with the availability of this ervironment,we
anticipatethat scientistswill malke algorithmimprovementsfor example,includinga
priori knowledgeof a previous reconstructionin orderto increasethe quality of the
image.Thecurrentsystemhasbeensuccessfullyusedin variousexperiments.

In thefuture,we will focusontheuseof new modalitiesin real-timereconstruction
for interactive useandwill explore the collaborative analysisof results. In addition,
we will emphasizémprovementgo the usageof dynamicschedulingof computers,
high-speedetworking, andcollaboratiortechnologies.



Figure 2: A The “grid-enabled”CMT applicationallows researcherso display the
samestateof thevisualizedobjectonall displaystationsparticipatingin acollaboratve
session. Remotecomputationand steeringbecomepossibleacrossmultiple access

points.
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