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Abstract.

This paperintroducesa computationamethodfor usewith eddy currentdamagedetectiontech-
nigues.To identify the geometryof a subsurbce damage an optimizationalgorithm is employed
which requiressolving the forward problemnumerougimes.In orderfor the methodto be effective
in a practicalsetting,i.e., in real-timeapplicationsthe forwardalgorithmmustbe extremelyfastand
accurateTherefore we have choseranapproacthasedn reducecbrderProperOrthogonaDecom-
position(POD)methodsThis allows oneto createa setof basiselementausingsnapshotsvith either
numericalsimulationsor experimentaldata.The datais organizedn anoptimalway allowing oneto
useareducedchumberof basiselementsresultingin afastalgorithmwhile still obtaininganaccurate
approximationto the solution. We first derive the modelassociatedvith the chosennondestructie
evaluation(NDE) techniqueandprove somewell-posedneseesultsfor the model.We thenintroduce
the proposedcomputationaimethodologyandtestit on both numericallysimulateddataaswell as
experimentaldataobtainedfrom a GMR (Giant Magnetoresistie) sensor The resultsdemonstrate
thatthe methodis extremelyefficientandaccurate.

1 Introduction and Problem Formulation

As technologycontinually advances the field of nondestructie evaluationis in continualneedof new
techniguesand instrumentsto improve the accurag and efficiengy of locating and characterizingsub-
surfacedamagesWe attemptto develop a nev methodologywhich, whencoupledwith alreadyexisting
techniquescanhelpdecreasé¢he total computationatime requiredto detectandexplicitly characterize
damagewithin a material. This is necessaryn practicalsettingswherethe methodsmustbe fastandac-
curate producingreal-timeresults.Givendataobtainedrom a measuringlevice suchasthe GMR (Giant
Magnetoresistie) sensorwe seekto locateandparameterizéhe damagevhile minimizing theamountof
time requiredto completethis task.To this end,we formulateanddevelop an appropriatemodelusedin
describinghevariationin thedataasa functionof adamagewithin the sampleandpresentomputational
methodsalongwith numericalresultsto supportthe efficacy of our approach.

1.1 Descriptionof the TestProblem

An advancedmethodof damagedetectionusesa device suchasthe GMR sensotin the contet of eddy
currentmethodd1, 2]. In astandardxperimentaketting,asdepictedn Figurel, athin conductingsheet
carryinga uniform currentis placedabove (or below) the sample.The currentwithin the sheetinducesa
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magnetidield perpendiculato it thatin turn producesa currentwithin thesample calledaneddycurrent.
Whena flaw is presenwithin the sample the flaw disruptsthe eddycurrentflow nearthe flaw andthis
disturbances manifestedn the magneticflux densitydetectedy the measuringlevice.

Pjick-up coil of sensor

Conducting Sheet

-/

Sample Material Flaw

Figurel: InspectionProcesaisinga SQUID

For illustrative purposeswe will assumeuniformity along the width (z direction) of the sample,
thereforereducingthe three-dimensionaproblemto a two-dimensionalproblem. To test the feasibil-
ity of reconstructinghe geometryof the damagewe considerthe damage(which we shall refer to as
a “crack”) to be rectangulain shape.n otherwords, we assumethe crack,locatedat a certaindepth
within the sample,hasa fixed length and thickness.To further simplify the testproblem,we disregard
the boundaryeffects of the materialsin the = direction (samplelength) by assumingan infinite sam-
ple and conductingsheetin that direction. Becausewe are consideringmaterialsof infinite extent, we
will constructour forward problemby focusingon a small “window”, calledour computationablomain
Q={(z,y,2) € R : 0mm < x < 50mm, —35mm < y < 35mm}, centerecsuchthattheleft boundary
of thecomputationatlomain,atlocationz = 0, is positionedn the centerof the crackin the z direction,
i.e., the crackis symmetricthroughthe yz planeatz = 0. A schemati®f the resultingtwo-dimensional
problemis depictedin Figure2 whereit is assumedhatthe sample(whichis 20mm thick) is composed
of aluminum,the conductingsheetwhichis 0.1mm thick) is madeup of copperandthecrackis centered
in they directionaroundthe centerof thesample(i.e.,aroundy = —10mm).

Conducting Sheet (Copper)

/ 50mm X
z Sample (Aluminum)

—

B

Figure2: 2-D Schematiof Problem
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1.2 Resultingequationsfor the TestProblem

In our computationakfforts, we employ the useof the software packageAnsoft Maxwell 2D Field Sim-
ulator. Therefore,our equationsare formulatedto correspondo thoseusedby the software. (For a full
derivationof theresultingequationsseeg[3].) Althoughthe GMR sensomeasurethe magneticlux den-
sity above the sampleat a certainlocation,our equationsareformulatedin termsof the magneticvector
potential A, whereall the field quantitiesareassumedo be phasormuantitieg4, 5, 6]. However, onecan
easilyobtaintheresultingmagnetidlux densityB throughtherelationshipB = V x A.

UsingMaxwell’'sequationsn conjunctiorwith Ohm’slaw andconstitutivelaws, we obtainanequation
for themagneticvectorpotential A givenby

1 .
Vx (VX A@D) = () (A - V) Vaye )

wherep representshe magneticpermeability o representshe conductvity, w is the angularfrequeng,
and¢ is ascalarpotential.

SinceEq.(1)containgwo unknovns, A and¢, anadditionalequationis neededo uniquelydetermine
thesolutionfor A.. For this we useanintegral constraintgivenby

I, = / J; - nda = / (o(z,y) + iwe(z, y))(A(z,y) — Vo) - nda (2)

betweerthetotal currentl., flowing in theconductingsheefcs)andthetotal currentdensityJ, within the

conductingsheetThisis thesecondquatiorusedn thesoftwarepackageAnsoft Maxwell 2D Field Sim-

ulatorwhichwe usein our computationakfforts. However, this only givesusequationsvhich completely
describethe magneticvectorpotentialandelectricscalarpotentialin the conductingsheetNonetheless
the conductingsheetis the only region in which a sourcecurrentof the form J, = —oV¢ is present
andhenceis the remainingregionswe intuitively assumehereis no changen potential,in otherwords
V¢ = 0. This givesus appropriateequationsn which the magneticvectorpotential A canbe uniquely
determinedf appropriatdooundaryconditionson A arespecified.

In Sectionl.1 we assumedhe samplewasof infinite extentwith the crackbeingsymmetricin the z
direction.In otherwordsonthez boundarieswe assumehefieldson bothsidesof theboundaryoscillate
in thesamedirection.To accounfor theevensymmetrywe assigniNeumanrboundaryconditionsto these
boundariesin a similar manneywe assumehe y boundariesare“sufficiently far” away from the sample
andscanningareasoasto noteffecttheoverallmeasurementsndeedasonemovesfartheraway from the
sampleandconductingsheetthemagnetiovectorpotentialA tendsto zero.Thereforepnthey boundaries
we assigmull Dirichlet boundaryconditions.The magneticvectorpotentialA is thusdeterminedy

V X (LV x A(z, y)) = (o(z,y) + we(z,y))(—iwA(z,y) — Vo) Va,y € Q, (3)

pw(z,y)
I, = / J;-nda = / (o(z,y) + iwe(z,y))(—iwA(z,y) — Vo) - nda 4)
and
Vo=0 Vr,ye\ecs (5)
with

A(z,-35) = 0 = A(z,35)
VAII|(07y) = 0 = VA-n|(50,y).
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2 Wsdl-Posedness

In this sectionwe considerthe existenceanduniquenes®f a weaksolutionto the above boundaryvalue
problemon a generadomaingivenby

Q = {(l‘ Y,z ) € R3 * Tmin S x < Tmazy Ymin > < Y= < ymaw}

for whichourtestproblemis aspecificexampleLet H = L,(S2 )andV {v € H'(Q ) Y2 Ymin) = 0 =
Y(z, ymaz) } Wherewe usethe standardSobole spacenotation, H(Q) = {¢ € L2(Q) : Vo € L*(Q)}
andnotethatweinterpretpointwiseevaluationof functions(alongtheboundaryandelseavhere)in termsof
atraceoperatorfor whichwe suppressiotationthroughouthis paper{7]. We denoteby (¢, v) = [5 ¢da
the standardnnerproductin H and(¢,¢)y = [ V¢ - Vida the (H'-equivalent)innerproductin V.

We notethatin this two-dimensionaproblem,theterm V¢ canbe provento bepiecavise constanas
donein [3]. In doingthis, V¢ canbe written in termsof the magneticvectorpotentialin the conducting
sheetby solvingfor V¢ in (4). We canthenreducethe systeminto anintegro-differentialequation Using
integrationby partstogetherwith naturalboundaryconditionsandimposedconditionson testfunctions
¥ € V, thevariationalform is givenby

(VA, V) + (BiA, ) + B / Ada / Bda / fda. ®)
wheres; = iwp(o + iwe), Bo = —i‘”“c“("Ac““‘“C“ andf = “ZI“.

We considerboth the existenceand unlquenessaf the solution A to (6) aswell asthe continuous
dependencen the parametersvhich representhe damagen the context of a Gelfandtriple settingl” —
H ~ H* — V* wherewe have thattheembeddind” — H is denseandcontinuouswith

[Y|g < klyly forally € V. 7)

wherethenormin V' will bedenotedy | - |- and| - | will denotethenormin H for therestof this section.
Usingthis notation,we have the following theorem For full detailsandproof, we referthe readerto
[3, 8].

Theorem 2.1. Ther exists F = F(u, €, Q) sud that for sourcefrequencies, < F(u, ¢, Q), there exists
a uniqueweaksolution A to (6).

Furthermore, we let q representthe four corners of ary quadrilateral damage, i.e.,
a = [(z1, 1), (22, 2), (3, 3), (x4, y4)] is @ vectorin R* x R? or equivalently R®. We denoteby Qg
the setof admissibleparameterg; whereit is assumed),, is a compactsubsebf R8. Thenfor any two
damagegivenby parametergy andq in Q,q, let

d(@,@ = [a-all = [ — 22)° + @ — 90)° + o+ (@ — 2+ @—w)?]” (®)

to bethe standarcEuclideamormin R8. We denoteby 4} (seeFigure3) the pointsin © which areeither
in thedamageaepresenteddy ¢ or g but which arenotin both.In otherwords,let Q24 representhe points
(z,y) in  within the damagegivenby q and24 the points (z, y) in 2 within the damagegivenby q.
Thend = Q4 U Qg — Q4 N Ny

Usingtheterminologyabove, we have the following theorem Again, we referthe readerto [3, 8] for
detailsandproof.

Theorem 2.2. Assumethe admissibleparametersetQ,, is a compactsubsetof R®. Thenthere exists
F = F(u, €, Q) sud thatfor sourcefrequencies, < F(u, ¢, Q), @ — A(q) is continuousromQ,q to V.
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Conductin% Sheet

damage

damage g
Sample

Figure3: The AreaRepresentetly 60

3 Computational Method

To enablethe techniquesusedin nondestructie evaluationto be implementedn a practicalsetting,we

mustnotonly locateandcharacterizesubsurbcedamagesye needto do soin afastandefficientmanner
To develop a fastand efficient forward algorithm, we usethe reducedorder Karhunen-Loge or Proper
OrthogonalDecomposition(POD) methodology A unique featureof the POD techniqueis its ability

to createan orderedbasisthat modelsexperimentalor simulateddata,capturingmostof the important
aspect®f thedatain thefirst few elementsTypically thenumberof basiselementsequiredin theforward
algorithmis reducedresultingin thedevelopmenbf afasteralgorithmthatstill maintaingheaccurag of

traditionalfinite elementalgorithms.

3.1 ThePOD Method

In this sectionwe discusshe conceptsandmethodof implementatiorof the POD methodin the context
of damageadetectionFor detailson thegeneraPOD method we referthereaderto [9, 10,11,12,13, 14,
15,16, 17, 18,19, 20] andthe extensve list of referencegontainedherein.In the procesof detectinga
subsurbcedamagea device, suchasthe GMR sensoris scannedbove (or belov) a sampleanddatais
taken. Thevariationin thefield dueto a damagds manifestedn the datataken. Thereforejn forming a
reducedbasis,we wantto incorporatethe effectsof a damagen thereducedbasis.Thisis accomplished
by taking “snapshots’of the dataacrossvariousdamagesin otherwords, let q be a vector parameter
characterizingphysicalpropertiesof thedamagesuchaslength,thicknessdepth etc.of thedamageThen
givenanensemblef damageqq; jvzl we obtaincorrespondingolutions { A (q,) jvzl of theboundary
valueproblem for magneticvectorpotentialsvhich we call our “snapshots”We thenusethesesnapshots
to generatea basisincorporatingthe propertiesof the variousdamages(Without loss of generality we
will denotethevectorA by its scalamonzerocomponentd, i.e.,the A; componenbf A.)

Theformationof the POD basiscanbe summarizedn afew stepsin orderto successfullyeducethe
numberof basiselementsvhile maintainingaccurag, a singlebasiselemenimustcontainaspect®f each
damagey,. Therefore asexplainedin [20, 21], we seekbasiselementf theform

N,
;=Y Vi(j)A(a) 9

7j=1
wherethe coeficientsV;(j) arechosersuchthateachPODbasiselement®;, i = 1,2, ..., N, maximizes

N,

1 8
N E [(A(ay), ®i) 20| (10)

S le
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subjectto (®;, ®;) ;2o ) = ||®;||* = 1. Forming the basiselementsn sucha way assureshata single
basiselementwill containinformationfrom eachof the snapshotsFrom standardarguments;jt canbe
seenthat the coeficientsV;(j) canbe found by solving the eigervalue problemCV = AV whereC' is
givenby
(Clis = (4@, Ala)) () (1)

Hence the next stepin forming the POD basisis to form the covariancematrix C' andfind the asso-
ciatedeigervaluesandeigervectors.SinceC' is Hermitianpositive semi-definitewe know it possessea
completesetof orthogonakigervectorsandcorrespondingnonneative eigervalues.In forming the POD
basis,we wantto be ableto readily decidewhich basiselementdo usein thereducedasis.To this end,
we order the eigervaluesalong with their correspondingeigervectorssuchthat the eigervaluesare in
decreasingrder

A >N > > Ay, >0 (12)

We thennormalizethe eigervectorscorrespondingo therule

_ %
BTNy

(13)
Consequentlythe i* POD basiselementis definedby Eq. (9) whereV;(j) representshe j* component
of thei'* eigervectorof C.

We now have the full POD basisand needa criterion to decidehow mary basiselementsare re-
quiredto accuratelyportray the data.In otherwords, we wantto chooseN suchthat span{®;}¥, ~
span{A(q;)}}2,. In choosingthis numberN, we compute

>N/ X:Aj (14)

which representshe percentagef “enelgy” in spcm{A(qj)};V;1 thatis capturedn span{®;})_,. Then
the reducedbasisconsistsof the first NV POD basiselementsvhere N is chosento capturethe desired
amountof enegy.

We now notethatspan{®;};*, = span{A(q,)}}=,. Indeed givenary A(q;), we have

Ns
Algy) =) onlaq;)Ps (15)
k=1
where
ar(aj) = (A(q)), Pr)r2(or) (16)

as{®, j.\f;l areorthonormalin L?(Q, C).
However, to completethe analysispneneedgo beableto calculateA”™ (q) whereq is agivenparam-
eternotin theset{qj};";l. To this end,we extendthe approximatiorformulato obtain

AN(q) = ak(q) Py 17)
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where o (q) can be evaluatedthrough different methods.In [3], we explored two different methods
one might choose:a POD/Galerkinmethodor a POD/Interpolatiormethod.However, in this paper we

only presentesultsin which we usethe POD/Interpolatiormethodwith linearinterpolationfor the one-
parametesimulatedresultsandcubic splineinterpolationfor all otherresults.For detailson thesemeth-
ods,wereferthereaderto [22] and[23].

3.2 SimulatedResults

In [4], we performedseveraltrials in which we assumedve hadaccesgo varioustypesof data,suchas
the A field or the B field at variouspoints (z;, y;) in 2. We comparedand contrastedhe accuray to

which we could estimatethelength/ of the damagebasedon whetherthe A field or B field wasusedand
whetherwe consideredhefield alongasingleline, multiple linesor within the entireregion (whichis not

experimentallypossibleandwasonly testedror initial comparisons)Fromtheresultspresentedh [4], we

concludedhat extremelyaccurataesultswere obtainedonly whenthe y componentB, of the magnetic
flux densitywasusedin the costcriterion,i.e.,whenwe used

1 n m . i
J@) =5 D> [10°By (@i, 5 ) — 10°Ba(wi, 5, @) (18)

i=1 j=1

where108 is a scalingfactoraccountingfor the low orderof magnitudeof the field (B, is on the order
of 1078Wb/m), BY(q) = V x AN(q) is the reducedorder POD approximationin which A" (q) is
givenby (17), and B, is “data” from a samplewe wish to characterize(In this section,B, is obtained
from Ansoft finite elementsimulationsto which noisehasbeenaddedin the usualmanner(see[3, 21]).
Furthermoreperformingmulti-line scansor usingfull region dataimproved the resultsonly marginally
andhencedid not warrantthe extra effort andtime in collectingmore extensie datasets.Consequently
theresultspresentedn this sectioninvolve only the leastsquareslifferencein the B, field givenby (18)
alongasingleline locatedlmm above the conductingsheet.

In the sampleresultspresentedwe focus on estimatinga single parameterof the crack assuming
all otherparametersrefixed or estimatingtwo parametersvith one parametefixed. The resultsbelow
summarizehefeasibility of determininghelengthanddepthof acrack.In aspecifictrial run,tendifferent
datasets(exact datawith ten differentsetsof addedrandomnoise)are usedwherethe relative noiseis
choserata10% noiselevel with aconfidencdevel of 99.7% (3 standardleviations).(Detailscanbefound
in [3] and[4].)

In determiningthelengthof the damagealone,we first followedthe stepsoutlinedin Section3.1and
generatechn ensembleof “snapshots” Keepingthe crackfixed at a depthof 9mm with a thicknessof
2mm, we variedthe cracklength/ from 0mm to 4mm in incrementsof 0.2mm. Using the snapshots,
{A(1;)} =7, we formedthe PODbasisanddeterminedhat99.99% of theenegy of the systemwascap-
turedwith a singlebasiselemen{4]. However, in the specifictrial runs,we foundthatusing4 POD basis
elementsmprovedthe parameteestimationwith datacontainingno noise,while therewasno significant
differencebetweerthe useof 5 basiselementoverthe useof 4 basiselementsTherefore theresultsare
basednthe useof 4 basiselementsn thealgorithm.

To testtheinversemethodologywe first try to identify thelengthof thedamage/* = 1.3mm. Using
dataon a singleline above the conductingsheetwith 10% relative noise,an averageestimatedengthof
1.2977mm wasobtainedwith avarianceof 0.3237 x 10~ *mm? acrosshetentrials.
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Proceedingas we did in estimatingthe length of a damageto estimatethe depth of the damage,
we fixed the thicknessof the crackat 0.5mm with length2mm andvariedthe depthof the crackd from
0.25mm t0 16.25mm in increment®f 0.5mm. Using5 basiselementsywe wereableto accuratelyestimate
acrackdepthof 8mm in thepresencef 10% relative noise;anaveragedepthof 8.0631mm wasestimated
with avariance0.1180 x 10~3mm?2. Thus,asin the caseof estimatingthe lengthof a crack,we canalso
recapturaghe depthof a crackquite accuratelyandefficiently.

Finally, we estimatedothlengthanddepthsimultaneouslyHowever, first, in [3, 8], we discussedn
detaila needto modify theassumptionsnadein the original testproblemto moreaccuratelydescribethe
behaior of experimentaldatausedin the next section.In short,the computationatiomainwasexpanded
beyond the edgesof the sampleand snapshotsveretaken of the magneticflux densitydataon a single
line above the conductingsheef(insteadof the wholeregion). Recallthatfor the previoustrials, we took
snapshotsf the magneticvectorpotentialfor the entirecomputationatiomaineventhoughin theinverse
problemwe only consideredhosedatapointsalongasingleline. Furthermorewe consideredlataacross
the entirelengthof the sample jnsteadof just half the sampleasdonepreviously. (For moredetails, see
[3, Chapter6].) As aresult,we alsoimplementthesechangesn thetwo-parameteestimationproblem.

We proceedasin the previous estimationproblemsby first generatingan ensembleof damagesWe
considerdamagesvith depthsrangingfrom 1mm to 11mm in incrementof 2mm in combinationwith
lengthsfrom 0.5¢m to 3.5¢m in increment®f 1em (we now considedongerdamagesimilarto thoseused
in obtainingexperimentabata).We keepthethicknesdixedat1mm. A total of 24 snapshots{ B (d;, ;) },
1 =1,...,6,7 = 1,...,4 weregeneratedising Ansoft. Using 4 basiselementswith 10% relative noise
added,we estimateda damagewith depthd* = 4mm andlength!* = 2c¢m. We obtainedaveragees-
timatesof d = 4.0855mm with variance0.5516 x 10~*mm? andlength! = 1.980cm with variance
0.9632 x 10~*mm?. Thus, even whenwe estimatedwo parametersimultaneouslythe computational
methodproposedroducedextremelyaccurateesults.

3.3 ExperimentaResults

Sincethe resultsusing simulateddatawere extremely promising,we designedan experimentin which
we tried to detectandparameterizea damagewithin analuminumsampleusinga giantmagnetoresiste
(GMR) sensarThe samplewasconstructedf 17 layersof 1mm thick aluminumplateswith aslice cut
out of oneof thelayersto simulatea damagewithin the sample(seg[3, 8] for graphicalrepresentations).
The “damaged’pieceof aluminumis moved from onelayer to anotherto simulatedamageswithin the
sampleat differentdepths,andthe length of the damages varied by producing“gaps” of varying size
from the aluminumplate (the thicknessof the damages alwaysfixed at 1mm). As a meansof inducing
currentwithin the sample a thin sheetof coppercarryinga uniform currentof 3 Ampsis placedabove
the sampleon top of a thin sheetof paper(to avoid direct physicalcontactbetweenthe sampleandthe
conductingsheet) The GMR sensomeasuretheamplitudeandphaseof themagnetidlux densityacross
a 2in line (alongthe length of the sample)every 0.635mm. The datais thenfiltered througha lock-in
amplifierandsavedto afile.

The experimentaldatadid not resembleAnsoft simulationsfrom our model;therefore we choseto
snapshobn the dataitself in forming the POD basiselementsFurthermoreijt wasnecessaryo filter out
the backgroundoise(datafor a samplecontainingno damage)n orderto obtainarepresentatie pattern
in the dataas a function of the damagewithin the sample(see[3] for full details).In filtering out the
backgroundnoise,we magnifiedboundaryeffects from the edgesof the sample.Therefore,in the cost
criterion,we only considerdataacrosghe centerof the samplen otherwords,we usethe costcriterion
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givenby
| b2 o
Ja)=5 > ‘109195v (zj;q) — 10°B]| (19)
j=a—2

whereq is the vector containingthe parametersve wish to estimate,BY (q) is the POD approximation
formedusingsnapshoten the dataitself, B is GMR dataat grid pointsz;, j = 1, ..., n with n total grid
pointsanda andb indicatetheindicesof thegrid pointswe considerin our costcriterion.

In estimatinga depthof d* = 3mm with correspondindengthi* = 1.5¢m, we obtainedan estimate
of d = 2.9759mm andl = 1.4612cm, resultingin arelative error for depthof k; = 0.80% andlength
R, = 2.59%. Again, evenwith experimentaldata,theresultswereaccurate.

4 Conclusion

In thispapemwe presente@reducedrdercomputationahlgorithmwhich contributesto theoverallfield of
nondestructie evaluation.In detectingsubsurdcedamagesthereis a needfor afastandefficientinverse
problemmethodology The reducedorder POD methodis an attractve method,becauseét allowedusto
createareducedasisof lessthan10basiselementsn thetrials presentedvhile still capturing99%of the
total enegy of the system.Thisresultsin anaccurateaswell asfast,forwardalgorithm.

We then gave an overview of the POD methodologyin the context of subsurbcedamagedetection
or parameteidentification.We discussedhe implementatiorof the inverseproblemfor both simulated
resultsaswell asexperimentatesults providing exampledor eachcase Basedupontheresultspresented,
we shaved that using either simulateddataor experimentaldataon either a one-parameteestimation
problemor atwo-parameteestimationproblem,we achieredaccurateesults.

However, themostsignificantfindingis in regardto reductionin computationatime which canbesum-
marizedasfollows. If onewereto useasoftwarepackagesuchasAnsoft's Maxwell 2D Field Simulatorto
calculatetheforwardproblemeachtime it is requiredin theinverseproblem,it would take approximately
5-10 minutesfor a singleforward solve. The forward solve is typically requiredanywherefrom asfew
as10timesto asmary as500-1000times.Assumingthe forward algorithmis calledapproximatelyl00
timeswith anaverageof 7 minutesfor eachforward run, the inverseproblemwould take approximately
42,000secondslIn the examplesprovided, the entire inverseproblemranin approximately8-10seconds.
Consequentlyon averagethe computationatime is reducedby a factorof 10®. This suggestshatanap-
propriatesensingdevice, whencoupledwith reducedrdermodelingin theinverseproblem,might prove
feasiblein practicaldamagedetectionapplications.
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