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1. Intr oduction

Noiseandvibration problemsin turbo-propaircraft
are often characterizedby the high contribution of
tonalcomponentsgeneratedby therotatingpropeller
blades.Typically the noiselevel in the passenger
cabinof a turbo-propaircraft,with no specialnoise
reducingmeasures,is in therange80-90dB(A), to-
tally dominatedby thepropellerBladePassageFre-
quency (BPF)component.Reducingthe tonalnoise
attheBPFnormallyresultsin areductionof thetotal
noiselevel by 5-10 dB(A), bringing the noiselevel
down to a more acceptable level.

The noisecontrol methodsusedfor this type of
low frequency noisearetypically tunedvibrationab-
sorbersor/andactivenoisecontrol.Bothof thesetwo
methodsrequiremodelswith a largenumberof pos-
sible‘sourcepositions’i.ethemountingpointsfor the
tunedvibrationabsorberunits,or loudspeaker posi-
tions for thecaseof usingactive noisecontrol. It is
alsodesirableto beableto predicttheresponseat a
large numberof positions,including the passenger
earpositions.To get the dynamicpropertiesof the
fuselagestructure-cabincavity systemfor this num-
berof driving pointsandresponselocationsrequires
extensive testing, with a high cost associated.

TheU-vectorexpansionmethodmaybeanattrac-
tive way to reducethe amountof testingto be per-
formed,or to extendthetestdatabaseto getamodel
with more‘driving points’ thanactuallyusedin the
test.

2. The U-vector expansion method

The U-vector expansion method (UEM) [1,2,3] is
basedonmeasuredtransferfunctiondataandis used
to modeldynamicsystems.The methodwasdevel-

opedasaresultof poorperformanceof Experimental
ModalAnalysis(EMA) for heavily dampedsystems
in frequency rangeswith fairly high modaldensity,
typicalpropertiesfor vibro-acousticproblemsin tur-
bo-prop aircraft.

UEM is essentiallybasedontheconceptof singu-
larvaluedecompositionof atransferfunctionmatrix,
andmaybeseenasa naturalstepaftertheintroduc-
tionof principalcomponentanalysisandthecomplex
modalindicatorfunction.Both principalcomponent
analysisand the complex modal indicator function
are,aswell asUEM, basedontheconceptof singular
value decomposition of a matrix [4].

Fromamathematicalpointof view UEM is noth-
ing but a methodto re-constructa symmetric,rank
deficientmatrix, from a setof vectorsspanningthe
total vectorspaceof thematrix.Therankdeficiency
makesit possibleto usea sub-setof a matrix to find
asetof spacevectorsspanningthespaceof thecom-
pletematrix.Thisis thecentralpartof theUEM. The
symmetrypropertyof a matrix meansthat thesame
spacevectorscanbeusedto spanboththerow space
of thematrixandthecolumnspaceof thematrix.This
is thesecondkey characteristiconwhichtheUEM is
founded.

By usingtheconceptof singularvaluedecompo-
sitionasymmetricmatrix,A, maybedecomposedin

[eq. 1]

U: is a matrix with orthogonal column vectors

s: is a diagonal matrix

[*] T: denotes the ‘ordinary’ transpose of a matrix
(simply interchanging rows and columns).
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Thecolumnvectorsin U arecalledtheU-vectors,and
thediagonalelementsin sarethesingularvaluesof A.

The numberof non-zerosingular values in s is
equivalent to the rank of A andconsequentlyif A is
rankdeficientonly someof theU-vectorsarerequired
to generate the complete matrixA.

Considerif only someof thecolumnsin thematrix
A areavailable.Thispartof A isdenotedA. If thenum-
berof columnsin A isequalto,orhigher, thantherank
of thecompletematrix A it possiblethat thecolumns
of A spanthecolumnspaceof thecompletematrixA.
The morecolumnsin A, comparedto the rank of A,
the more likely this situation becomes.

If theU-vectorsof A spanthesamecolumnspace
astheU-vectorsof thecompletematrixA, it ispossible
to re-constructthecompletematrixA usingtheU-vec-
torsof A. A similar relationas[Eq. 1] canbeformed,
but sincenow wedonotnecessarilyhavethesameU-
vectorsaswould be found from the completematrix
A, a generalmatrix Σ, hasto be usedin placeof the
diagonal matrixs.

[eq. 2]

The matrixΣ can be determined by usingA,

[eq. 3]

with U(A) beingasubmatrixof U(A) with theentities
to getthecolumnsof A. ThematrixΣ is typically non-
diagonal,but symmetricto ensurethesymmetryof A.

Relatingthemathematicaldescriptionaboveto the
caseof modelingdynamicsystems,thematrixA could
be a transferfunctionmatrix H(f) at a particularfre-
quency f. The entitiesin the transferfunction matrix
Hij (f) givestheresponseat locationi for a unit input
atj. By usingcomplex notationboththeamplitudeand
phaseof therelationbetweeninputandresponse(out-
put) is given byHij (f).
The symmetry requirement for the complete matrix
H(f) is equivalentto assumingreciprocityfor thedy-
namicsystem.This meansthat interchangingdriving
pointandresponsepointwouldgivethesamerelation
betweenexcitationandresponse- i.ethetransferfunc-
tionsHij(f) andHji (f) are identical.

Theassumptionof arank-deficientmatrixis,for the
caseof transferfunctionmatrices,relatedto thenum-
ber of modesactive at the frequency of interest.For
thedynamicsystemsconsideredherethemodalden-
sity ishighand,consequently, severalsignificant‘prin-
cipal responsecomponents’(U-vectors)mustbeused
to getaccuratemodels.This impliesthatseveraldriv-
ing points have to be used in the test.

3. Test Description

Thetestcaseusedtoevaluatetheperformanceof UEM
is to modelthedynamicbehavior of a turbo-propair-
craft.Transferfunctionmeasurementsona2.5m long
AcousticTestSectionof theSaab340areusedasthe
input data for the UEM.

Figure 1: The Saab 340 Acoustic Test Section.

In the test140 accelerometersand105 microphones
wereusedto registertheaccelerationresponseof the
structure(Figure1,2)andtheacousticresponsein the
cabincavity (Figure3).Thelocationsareidentifiedby
the cross-section name (‘STA’ in figure 1) and the
cross-sectional position (figure 2,3).

Figure 2: Positions used for vibration measure-
ments and structural exciters.

Whatmakesthis testquiteuniqueis thehigh number
of excitationpositionsused:108structuralexcitation
locations and 65 acoustic excitation positions.
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For the structuralexcitation electro-dynamicinertia
shakers were used, and for the acoustic excitation
small loudspeakers were used.

Figure 3: Positions used for acoustic pressure
measurements and loudspeakers.

4. Transfer function data

In orderto getreliablemodelswith theU-VectorEx-
pansion Method it is essential to remember the as-
sumption of a:

• Rank deficient
and

• Symmetric
transfer function matrix.

Working with testdata,andquantitiesderived from
testdata,onehasto acceptsomedeviationsfrom the
two assumptionsabovein theoriginaldata.It is,how-
ever essentialto forcethetransferfunctionmatrix to
be symmetric before applying UEM.

Forcingsymmetryis equivalentto eliminatingfac-
torsthatcausenon-reciprocaldata.In thecurrentdata
settheresponsemeasurementsweretakennotexactly
at thepoint of theexcitationbut at a distanceof ap-
proximately 5cm from the excitation point for the
structural locations and at about 10 cm from the
‘source centre’ for the loudspeaker excitation. This
could not be avoideddue to installationrestrictions
(i.e thesizeof theexciter/loudspeaker andtheactua-
tors).It is believedthatthismisalignmentis morese-
rious in somepositionsthanothers,in particularfor
thestructure,explainingthedifferencein reciprocity
characteristics.
Anotherreasonfor thein somecasespoorreciprocity

is thefactthattheresponselevel differssignificantly
for thetwo typesof excitation(structuralvs.acousti-
cal). For the structural excitation the structural re-
sponsewasabout0.05m/s2 andtheacousticresponse
wasabout20mPa.For thecaseof acousticexcitation
theresponselevelswereabout0.02m/s2 and500mPa
respectively. With this quite large difference in re-
sponselevelsit is likely thatnon-linearityeffectsare
influencingtheresults.In particulartheattachmentof
theinteriortrim panelis asourceof non-linearbehav-
ior.

To estimatethevalidity of thereciprocityassump-
tion aspatialcorrelationcoefficient,sac, for two vec-
torsu andv is used.

[eq. 4]

Table 1 give the average correlation for structural/
structuralacoustic/acousticandstructure/acoustic(or
visaversa)degreesof freedom(dof’s)atthefrequency
line of most interest (82 Hz).

The propellerBladePassageFrequency of the Saab
340is82Hz.Thatis thereasonwhy theworkpresent-
ed in this paper is focused on 82 Hz.

In principleUEM canbeappliedto combinedvi-
bration/acousticdata,but with thequite low correla-
tion for thestructural/acousticreciprocityfoundin the
currentdataset,separatemodelswill be derived for
the structure and the acoustics respectively.

5. Test data Preparation

A first step,beforetheUEM is applied,is to ‘prepare’
thetransferfunctionmatrix to obey thesymmetryre-
quirement. Several methods may be used to force
symmetry. Probablythesimplestmethodis to usethe
average ofHij (f) andHji (f). In matrix notation

[eq. 5]

However a methodbasedon responserankreduction
might bea betterchoice.To fulfill theassumptionof
a rankdeficientandsymmetrictransferfunctionma-
trix wemayusesomeof theU-vectorsof [H( f) HT(f)]
and let
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[eq. 6]

U: is the U-matrix of [HHT]

s: is a diagonal matrix with aselected set of the
singular values of [HHT]

V: is the average of the part ofV related to the H
and HT respectively

Leuridanet al. [5] describea similar methodto force
reciprocityof transferfunctions,althoughtheirmeth-
od usesdatafor a frequency bandratherthanspatial
data.

Therankdeficiency requirementdoesnot have to
behandledseparately, but will beanaturalpartof the
UEM.

6. Transfer function matrix expansion

With asmany as108structuraland65acousticaldriv-
ingpointsavailablein thetestdatasettheperformance
of the UEM canbe evaluatedstartingwith different
sub-sets of the complete test data. In this case the
transferfunctionsderivedwith amodel,basedontyp-
ical testdata,canbecomparedwith theactual(mea-
sured) transfer functions.

Datafor 30 frequency linesis availablebut, again,
themajorinterestis to derivemodelsvalid at thefun-
damentalBladePassageFrequency (BPF)of theSaab
340, which is 82 Hz.

7. Results

Startingwith atransferfunctionmatrixcontainingall
structural responses and all but one of the driving
points(i.eusingdatafor 107of the108drivingpoints)
the ‘missing’ transfer function is derived by UEM.
Comparingthis resultto theactual(measured)trans-
fer functiongiveanestimateof how well unmeasured
transferfunctionscanbe modeledwith the existing
data.Figure4,5show twocomparisonsbetweenmea-
suredandUEM-modeledtransferfunctionsat 82 Hz
using 25% of the U-vectors for the UEM.

Figure 4: Structural transfer function r esponse.
Excitation at STA 363 pos. R10.

Figure 5: Structural transfer function r esponse.
Excitation at STA 339 pos. R12.

Figure 6,7 show a ‘snap-shot’of the measuredand
UEM derived structural response respectively.
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Figure 6: Measured transfer function response.
Excitation at STA 363 pos. R10.

Figure 7: UEM transfer function r esponse.
Excitation at STA 363 pos. R10.

Theresultin Figure4-7 is for thecaseof using26 of
the 107 available U-vectors (25%) for the UEM,
which is equivalent to assuminga transferfunction
matrix with rank 26. The averageof the correlation
coefficient, definedby [eq. 4], for the measuredand
modeled transfer function is 0.82.

Theeffectof usingdifferentportionsof theU-vec-
tors is given by table 2.

For thisparticularsetof datait appearsto beoptimal
to use about 25% of the 107 U-vectors.

For the acousticdata similar calculationswere
made.In thiscasetherearedatafor 65driving points
(loudspeaker locations),andusingthe sameportion
of theU-vectors(25%50%and100%)is equivalent
to using16,32and64U-vectors.Theresultsin figure
8,9 are for the case of using 25% of the U-vectors.

Figure 8: Acoustic transfer function response.
Excitation at STA 319 pos. A.

Figure 9: Acoustic transfer function response.
Excitation at STA 389 pos. E.

Fromtable3 onegetsthe impressionthat theresults
for theacousticdataarenot asgoodasfor thestruc-
turaldata,but takingacloserlook atFigure8,9this is
foundto bea consequenceof theexpectedpoorper-
formance of the UEM for the driving point response.

Table 2: Correlation for the structural model
(107 of 108 driving points used).

U-vectors 10% 25% 50% 100%

Correlation 0.77 0.82 0.78 0.69

DEFORMATION PLOT  LC=1.399 RES=3.1 MSC/PATRAN R-5.1  U-vector MG. 18-Feb-97 13:42:20 

DP: 363 R10 Measured

DEFORMATION PLOT  LC=1.400 RES=3.1 MSC/PATRAN R-5.1  U-vector MG. 18-Feb-97 13:43:39 

DP: 363 R10 ’One out’ 25% of the U-vectors used
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This is typical for expansionmethodsbasedon prin-
cipal response vectors (UEM), or modal vectors
(EMA), if thedrivingpointresponseishighcompared
to theresponseatotherpointsin thesystem.Exclud-
ing thedrivingpointresponse,theresultiscompletely
different (Table 4).

In figure10,11show themeasuredandmodeledtrans-
fer functionresponserespectively for acousticexcita-
tion at STA 319 pos. A.

Figure 10:Measured transfer function response.
Excitation at STA 319 pos. A.

The correlationbetweenthe measuredandmodeled
response is quite good, although the measured re-
sponse close to the driving point differs.

Figure 11:UEM transfer function r esponse.
Excitation at STA 319 pos. A.

Theresultsabovearefor thecaseof takingaverylarge
partof thedataandusingit to deriveamodel.For the
structuralexcitationcase108of the140columnsof
thetransferfunctionmatrixwereavailable,andin the
acousticdata65 of the105columnswerepresent.A
morerealisticsituationwould beto usedatafor sig-
nificantly fewer driving points;however the number
of driving pointshasto be largeenoughto allow for
finding a setof U-vectorsspanningthe spaceof the
complete transfer function matrix to be derived by
UEM.

A 50%reductionof thenumberof driving points
wouldbeasignificantreductionin testtime,bothfor
the dataacquisitionandfor the installationtime for
structuralexciters/loudspeakers.To simulatethis sit-
uationonly50%of thetransferfunctiondataavailable
wasusedfor the UEM. Again we cancomparethe
UEM resultswith the‘true’ transferfunctionsasthey
were determined by the test.

For thestructuraldataalmostthesameresultsaswhen
usingall but onetransferfunctionwereobtained(Ta-
ble 5.).

Not only theaveragecorrelationbut alsotheindivid-
ualresponsesappearto by only slightly influencedby
thequitesubstantialreductionin input for theUEM
(figure 12,13).

Table 3: Correlation for the acoustic model
(64 of 65 driving point used).

U-vectors 10% 25% 50% 100%

Correlation 0.57 0.58 0.58 0.30

Table 4: Correlation for the acoustic model
excluding the driving point.

U-vectors 10% 25% 50% 100%

Correlation 0.80 0.79 0.84 0.42
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Table5: Corr elation of the structural modelusing
50% of the transfer functions.

U-vectors 10% 25% 50% 100%

Correlation 0.71 0.80 0.77 0.76
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Figure 12:Structural transfer function r esponse.
Excitation at STA 363 pos. R10.

Figure 13:UEM transfer function r esponse.
Excitation at STA 363 pos. R10.

Also for theacousticdatanosignificantperformance
degradationof theUEM isfoundwhenusingonlyhalf
theexistingtransferfunctionsfor themodeling(Table
6, Figure 14,15).

Figure 14:Acoustic transfer function response.
Excitation at STA 319 pos. A.

Thegoodresultfor theUEM using50%of thetransfer
functiondataencouragesoneto try usingfewerof the
availabletransferfunctions.Theresultswill, however,
now becomeverysensitivetowhichtransferfunctions
(driving points)areusedto modelthe responseof a
certain driving point.

Figure 15:UEM transfer function r esponse.
Excitation at STA 319 pos. A.Table 6: Correlation for the acoustic model

excluding driving point response and
using 50% of the transfer functions.

U-vectors 10% 25% 50% 100%

Correlation 0.74 0.80 0.79 0.61
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8. Conclusions

The U-vector Expansion Method (UEM) has been
usedto modelthestructuralvibrationsandtheacous-
tic responseof aturbo-propaircraft.Theresultsshow
thatquiteaccuratemodelsof thestructuralvibration
andtheacousticresponsecanbeachievedby UEM.
Almost no degradation in model performance was
foundusing50%of theavailabletestdatacompared
to thecaseof usingpracticallyall thetestdataavail-
able for the modeling.
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Inverse Modeling of the dynamic properties
of a turbo-prop Aircraft

ò Ý ç â � è â ç Ý ì â â ä Ü
Ú ß ì í ä å � ç æ è à ç è æ Ý á ò ã à ï Ý Ü ß à â ö ø � � ö ø è Ü ë � Ü ß ì ã æ â ß ç Û ö ø è Ü ë ö � ÷ ã ë ã Ü



	�

������������

�
�����
���������� !������

�� #"�$% &���'��(!)*

+, &-/.0�

132%4&57698�5;:=<�>%5�?'@'2BAC<EDGFIH%5/>KJL2%MONC@'POQ/67<�QR576�FI@'5�8S<EDGMTFIU%6�V
<�W Q/67<�QYX#@'6�P76�M3DZF []\

^ Ñ Ò _ ` Ô a ` b Õ Ö ` c Ù Ò d
ý å ç ï ã ë Û Ü Ý Þ ß à é æ ä é ã æ ç ß ã â ä å Ý á Ý æ õ ã â ç æ è à ç è æ ã Ý æ ã ç ä ê ã ë ã ç ã æ Þ ß Ü ã ë ß ç Þ Ý Û ê ãê ä ç ï è Ü Ü ã à ã â â Ý æ Û Ý Ü ë é æ Ý à ç ß à Ý á á Û ß Þ é ä â â ß ê á ã ç ä ß Ü à á è ë ã Ý á á ë ã ç Ý ß á â ß Ü ç ï ãà ä Ü â ç æ è à ç ß ä Ü í � ï ã æ ã Þ Ý Û Ý á â ä ê ã è Ü à ã æ ç Ý ß Ü ç ß ã â ä Ü Ý á ä à Ý á á ã ì ã á ö ÷ ï ã Ü ß ç Þ è â çê ã ë ã ú Ü ã ë ß å à ä Þ é ä Ü ã Ü ç â Ý æ ã ß Ü à ä Ü ç Ý à ç ä æ Ü ä ç e ß å Ý à ä Ü Ü ã à ç ß ä Ü ß â ç ä ê ã æ ã õ Ý æ ë ã ëÝ â ß Ü ú Ü ß ç ã á Û â ç ß å å ä æ Ý â á ß Ü ã Ý æ ä æ Ü ä Ü û á ß Ü ã Ý æ ç æ Ý Ü â á Ý ç ß ä Ü Ý Ü ë æ ä ç Ý ç ß ä Ü â é æ ß Ü õ â öã ç à í ð è æ ç ï ã æ Þ ä æ ã ö ß Ü â ä Þ ã à Ý â ã â Ý á â ä ç ï ã à ä Ü â ç ß ç è ç ß ì ã Þ ä ë ã á â å ä æ ç ï ã Þ Ý ç ã æ ß Ý á âÞ Ý Û ê ã ë ß å ú à è á ç ç ä ë ã ç ã æ Þ ß Ü ã í � ï ß â à ã æ ç Ý ß Ü á Û ß â ç ï ã à Ý â ã å ä æ ç ï ã ç ï ã æ Þ Ý áß Ü â è á Ý ç ß ä Ü Þ Ý ç ã æ ß Ý á â ö ê è ç ã ì ã Ü Þ Ý ç ã æ ß Ý á â ç ï Ý ç Ý æ ã ù è ß ç ã â ß Þ é á ã ç ä Þ ä ë ã á ß Ü Ýù è Ý â ß û â ç Ý ç ß à â ã Ü â ã Þ Ý Û æ ã ù è ß æ ã Ý Þ ä æ ã â ä é ï ß â ç ß à Ý ç ã ë Þ Ý ç ã æ ß Ý á ë ã â à æ ß é ç ß ä Ü ß å Ýë Û Ü Ý Þ ß à Þ ä ë ã á ß â ß Ü à ä æ é ä æ Ý ç ã ë í ò ä â ç ß Þ é ä æ ç Ý Ü ç ß Ü ë Û Ü Ý Þ ß à Ý Ü Ý á Û â ß â ß â ç ä ï Ý ì ãÝ é æ ä é ã æ æ ã é æ ã â ã Ü ç Ý ç ß ä Ü ä å ç ï ã ë Ý Þ é ß Ü õ à ï Ý æ Ý à ç ã æ ß â ç ß à â ó ß í ã ç ï ã ã Ü ã æ õ Û á ä â â ã â ô ö÷ ï ß à ï Ü ä æ Þ Ý á á Û ß â Ü ä ç Ý é æ ä ê á ã Þ å ä æ ù è Ý â ß û â ç Ý ç ß à Ý Ü Ý á Û â ß â í f â ç æ è à ç è æ ã Þ Ý Û Ý á â äê ã ï Ý ì ã ù è ß ç ã ë ß å å ã æ ã Ü ç á Û Ý ç g ì ß ê æ Ý ç ß ä Ü Ý Þ é á ß ç è ë ã â h à ä Þ é Ý æ ã ë ç ä ç ï ã ê ã ï Ý ì ß ä æ Ý çá Ý æ õ ã æ ë ã å ä æ Þ Ý ç ß ä Ü â í f ç Û é ß à Ý á ã i Ý Þ é á ã ä å ç ï ß â Ý æ ã ç ï ã ë ß å å ã æ ã Ü à ã â å ä è Ü ë å ä æ Ýæ ß ì ã ç ã ë â ç æ è à ç è æ ã à ä Þ é Ý æ ã ë ç ä Ý ÷ ã á ë ã ë â ç æ è à ç è æ ã ÷ ß ç ï æ ã â é ã à ç ç ä ë Û Ü Ý Þ ß àé æ ä é ã æ ç ß ã â ö ÷ ï ß á ã ç ï ã ç ÷ ä â ç æ è à ç è æ ã â Þ Ý Û ê ã ï Ý ì ã ß ë ã Ü ç ß à Ý á á Û å ä æ Ý â ç Ý ç ß à á ä Ý ë í
f æ ß ì ã ç ã ë â ç æ è à ç è æ ã Ü ä æ Þ Ý á á Û â ï ä ÷ â â ß õ Ü ß ú à Ý Ü ç á Û ï ß õ ï ã æ ë Ý Þ é ß Ü õ Ý â æ ã á Ý ç ß ì ãÞ ä ç ß ä Ü ê ã ç ÷ ã ã Ü ç ï ã æ ß ì ã ç Ý Ü ë ç ï ã â ç æ è à ç è æ Ý á Þ ã Þ ê ã æ â ä à à è æ â í
î Ý ç è æ Ý á á Û ö ß ç ß â Ü ä ç å ã Ý â ß ê á ã ç ä Þ ä ë ã á ã Ý à ï æ ß ì ã ç ä å Ý Ü Ý ß æ à æ Ý å ç â ç æ è à ç è æ ã e ç ï è â ß çÞ Ý þ ã â â ã Ü â ã ç ä ç æ Û ç ä ß Ü à á è ë ã ç ï ã ã å å ã à ç â ä å ç ï ã æ ß ì ã ç â ö Ý â Ý Þ ä ë ß ú ã ë Þ Ý ç ã æ ß Ý áé æ ä é ã æ ç Û í � ã â ç æ ã â è á ç â Ý æ ã ß Ü ç ï Ý ç à Ý â ã æ ã ù è ß æ ã ë ç ä ë ã ç ã æ Þ ß Ü ã ç ï ã Ü ã ÷ j Þ Ý ç ã æ ß Ý áÞ ä ë ã á k ö ß Ü à á è ë ß Ü õ Ü ä ç ä Ü á Û ç ï ã Þ Ý ç ã æ ß Ý á ß ç â ã á å ö ê è ç Ý á â ä Ý à à ä è Ü ç ß Ü õ å ä æ ç ï ã ã å å ã à çä å ç ï ã æ ß ì ã ç â í l Ý ß â ß Ü õ ç ï ß â Ý é é æ ä Ý à ï ç ä Ý ï ß õ ï ã æ á ã ì ã á ö ç ï ã à ä Þ é á ã ç ã Ý ß æ à æ Ý å çà Ý ê ß Ü ÷ Ý á á Þ Ý Û ê ã æ ã é æ ã â ã Ü ç ã ë ÷ ß ç ï Ý â ß Ü õ á ã Þ Ý ç ã æ ß Ý á Þ ä ë ã á í f á á é æ ä é ã æ ç ß ã â ä åç ï ã à Ý ê ß Ü ÷ Ý á á à Ý Ü ö ä å à ä è æ â ã ö Ü ä ç ê ã æ ã é æ ã â ã Ü ç ã ë ê Û ç ï ß â â ß Þ é á ß ú ã ë Þ ä ë ã á ö ê è çç ï ß â Þ Ý Û Ü ä ç ê ã æ ã ù è ß æ ã ë å ä æ ç ï ã Ý é é á ß à Ý ç ß ä Ü í
f â â è Þ ã ç ï Ý ç â ä Þ ã õ á ä ê Ý á é æ ä é ã æ ç ß ã â ä å Ý â ç æ è à ç è æ ã Ý æ ã Ý ì Ý ß á Ý ê á ã å æ ä Þ Þ ã Ý â è æ ã ûÞ ã Ü ç â ö ã í õ í ç ï ã õ á ä ê Ý á æ ã â é ä Ü â ã å ä æ ì Ý æ ß ä è â ë Û Ü Ý Þ ß à ã i à ß ç Ý ç ß ä Ü â í � ï ß â à Ý Ü ê ãè â ã ë ç ä ë ã ç ã æ Þ ß Ü ã Þ Ý ç ã æ ß Ý á é æ ä é ã æ ç ß ã â å ä æ Ý â ß Þ é á ß ú ã ë Þ ä ë ã á ä å ç ï ã â ç æ è à ç è æ ã íð ß Ü ë ß Ü õ ç ï ã â ã Þ Ý ç ã æ ß Ý á é æ ä é ã æ ç ß ã â ß â Ý ç Û é ß à Ý á ß Ü ì ã æ â ã Þ ä ë ã á ß Ü õ é æ ä ê á ã Þ í
m n o p q r s t u v w x r y u s z r q r { u w u q y u r q | } { u w } ~ s y
î ä æ Þ Ý á á Û ç ï ã é æ ä ê á ã Þ ä å ú Ü ë ß Ü õ Þ Ý ç ã æ ß Ý á é Ý æ Ý Þ ã ç ã æ â à Ý Ü Ü ä ç ê ã â ä á ì ã ë ß Þ é á ß à ûß ç á Û Ý Ü ë â ä Þ ã þ ß Ü ë ä å g ä é ç ß Þ ß ü Ý ç ß ä Ü â ç æ Ý ç ã õ Û h ï Ý â ç ä ê ã è â ã ë ç ä ú Ü ë Þ Ý ç ã æ ß Ý áé æ ä é ã æ ç ß ã â Û ß ã á ë ß Ü õ Ý à à ã é ç Ý ê á ã æ ã â è á ç â í f Ü ã æ æ ä æ å è Ü à ç ß ä Ü ß â ë ã ú Ü ã ë ç ä à ä Ü ç æ ä áç ï ã ä é ç ß Þ ß ü Ý ç ß ä Ü í
� å ç ã Ü ß Ü ì ã æ â ã é æ ä ê á ã Þ â ë ä Ü ä ç ï Ý ì ã Ý è Ü ß ù è ã â ä á è ç ß ä Ü Ý Ü ë ç ï ã ã æ æ ä æ å è Ü à ç ß ä ÜÞ Ý Û ï Ý ì ã â ã ì ã æ Ý á á ä à Ý á Þ ß Ü ß Þ Ý ß Ü ç ï ã é Ý æ Ý Þ ã ç ã æ â é Ý à ã í
� ï ã Þ ä â ç à ä Þ Þ ä Ü á Û è â ã ë Þ ã ç ï ä ë â ç ä ú Ü ë ä é ç ß Þ è Þ é Ý æ Ý Þ ã ç ã æ â ö �

α
ö Ý æ ã ê Ý â ã ëä Ü ç ï ã ã æ æ ä æ å è Ü à ç ß ä Ü õ æ Ý ë ß ã Ü ç ÷ ß ç ï æ ã â é ã à ç ç ä ç ï ã é Ý æ Ý Þ ã ç ã æ â â ã Ý æ à ï ã ë å ä æ í � ï ãë ã æ ß ì Ý ç ß ì ã â Ý æ ã Ü è Þ ã æ ß à Ý á á Û ã ì Ý á è Ý ç ã ë ê Û é ã æ ç è æ ê ß Ü õ ç ï ã é Ý æ Ý Þ ã ç ã æ â ä Ü ã ê Ûä Ü ã í



	�

���0��������

�
�����
���!���'�� &�%���'

�� #"�$% &���'��(!);

+, !-/.0�

Inverse Modeling of the dynamic properties of a turbo-prop Aircraft
[ �

�¥ïBãpÜ Ý á áKëqãpæ ß ì ÝVçÏß ì ã~âEÝ æ ã�Ý ì ÝVß áRÝVêTá ã»ç ïBãpÛ´ÝVæºã@è�â ã~ë�çÏäiëqãpçÏãpæ Þ´ß Ü·ã»ç ïBã@é­ÝVæqÝVÞÎãpç ãpæèBé©ëxÝVçÏã¦íTý Ü������Bç ïBã@é©Ý æeÝ ÞÎãpç ãpætè·é­ëxÝVç ã¦ö
δ
ö ßÏâEëqãpç ãpæºÞÎß�Ü·ã~ë@êTÛ

� ñtù�í��L�
÷»ß ç ï´ç ïBãY�vÝVàºäpêTßÏÝVÜ�öL�BöTëqãpúBÜBã~ë�ê¦Û

� ñtù�í \ �
��ïBã â}àqÝVáRÝVæ�é©ÝVæqÝVÞÎãpçÏãpæ

Λ
ßRâIçÏï·ãiø�ã ì ãpÜBêTãpæºõBû ò�ÝVæºùTè�ÝVæqëqçEé­ÝVæqÝVÞÎãpç ãpæZöTàºäpÜ·çÏæ äpá�á ß ÜBõçÏï·ã ëqß æºãpàºç ß äpÜ ÝVÜ�ëÌâ ßÏü�ãiäpå±ç ïBãié©Ý æeÝ ÞÎãpç ãpæ�è·é­ëxÝVç ã

δ
í��ÈßÏâIçÏï·ãißRëqãpÜ·çÏß ç Û´Þ ÝVçÏæ ß�iÎäpåÝVé~éxæ äpé~æ ßÏÝ ç ã�â}ßÏüZã¦í

��ïBßÏâkÝVéxéxæºä~ÝVà ï ßÏâ ì ãpæ ÛÎãpå úBàºß ãpÜBçIß�Ü Ýié©Ý æeÝ á á ãpá�à äpÞ´éxè·ç ÝVç ß�äpÜ ãpÜ ì ß æºäpÜ·Þ´ãpÜ·ç^â ß ÜBà ãçÏï·ãkõ�æeÝ¦ëqß ãpÜBçXâtàqÝVÜÌêTãkã ì Ý á è�ÝVç ã~ëGß ÜÌé©ÝVæqÝVá á�ãpáÏí
ý ålö�äpÜÌç ïBãkäpç ïBãpæÈï�ÝVÜ�ëxömç ïBãÎëqãpæºß ì ÝTûçÏß ì ã~âÆÝ æ ãLã ì ÝVá è�ÝVçÏã~ë^â ãpùTèBãpÜ·çÏßÏÝVá á�Û¶Ý@â}èBê�â çXÝVÜBç ßRÝVá�ã,i�ãpàºèBç ß äpÜ¶ç ß Þ´ã�Þ Ý ÛÈê¦ãLæ ãpù¦è·ß æºã~ëéxæºß äpætç ä»ã~ÝVàºï´é©ÝVæqÝVÞÎãpçÏãpæLèBé©ëxÝVçÏã¦í
��ïBã�ÝVá çÏãpæ Ü�ÝVçÏß ì ã¥ßRâ´çÏä¥è·é©ë~ÝVç ã¥ã~ÝVà ï é©ÝVæqÝVÞ´ãpç ãpæÌê�ÝTâ ã~ë äpÜ ç ïBã¥ãpæ æºäpæÌå èBÜ·àºç ß�äpÜëqãpæºß ì ÝVç ß ì ãg÷@ß çÏïGæºã~â}éxãpàºç
ç ätçÏï±Ý çBé­ÝVæqÝVÞÎãpç ãpæÇäpÜ·á Û í!��ïBãpæ ãgßÏâBàºãpæ ç ÝVß ÜBá ÛkÝsï·ß�õ�ïBãpæKæºßÏâ}þÝTâXâ}äpàºßÏÝ ç ã~ë´÷»ß ç ï¥è±â ß ÜBõ çÏï·ßRâ�ÝVéxéxæºä~ÝVà ï�övêTèBçÈçÏïBã´é­ÝVæqÝVÞÎãpç ãpæqâ¶ÝVæºãNè·é©ë~ÝVç ã~ë´Þ´äpæ ãå æºãpùTèBãpÜBç á Û í
�gæqÝTëqß ãpÜBç�â ã~ÝVæºàºï´ÞÎãpçÏï·ä~ë~âºö äpåB÷»ï·ß à ï´äpÜ·ãÈßÏâEëpã~â}àºæ ß�êTã~ëiÝVê¦ä ì ã�öTÝVæºã»ê¦ã~â}çLâ}èBß ç ã~ë@å äpæâ ß ç è�ÝVç ß�äpÜ±â
÷@ïBãpæºãtçÏï·ãgãpæºæ äpætâ}èBæºå}ÝVàºãgßÏâBàºäpÜ·àqÝ ì ã¦í���ï·ßRâBßÏâBèBÜ·å�äpæ çÏè·Ü�ÝVçÏãpá ÛIÜBäpç
ç Û�éxß àqÝVáå äpæ Ý Ü ãpæ æºäpæÌå èBÜBà çÏß äpÜ ê�ÝTâ ã~ë äpÜ ì ß êTæqÝVçÏß äpÜ â}ï�ÝVé~ã¥àºäpæ æºãpáÏÝVçÏß äpÜ�öÆ÷@ß�ç ï Þ Ý ç ãpæºßÏÝVáâ ç ß å å ÜBã~â¯âÎÝTâËÝ é©ÝVæqÝVÞ´ãpç ãpæZí#l@ÝVç ïBãpæZöÇçÏï·ã ãpæºæºäpæ�â}èBæ å}Ý à ã Þ Ý Û ï±Ý ì ã â}ã ì ãpæeÝ áIá äpàqÝVáÞ´ß Ü·ß�Þ ÝTö¯÷»ïBãpæºãOçÏï·ãIõ�æqÝTëpß ãpÜ·ç©ê·ÝTâ}ã~ëOÞ´ãpç ïBä~ëxâÇÞ Ý Û�å}ÝVß áRí�fLÜÍß á á è�â}çÏæeÝ ç ß äpÜÉäpå¤çÏï·ßRâÇßÏââ ï·äp÷»Ü ß�Ü ðKß�õ�èBæ ã��Tö¦÷@ïBãpæºã�ÝVÜ ãpæºæºäpæÍâ èBæ å}Ý à ã�÷»ß ç ï Ý¶á äpàqÝVáKÞÎß�Ü·ß Þ´è·Þ ó ß Ü±ëpß àeÝ ç ã~ë÷»ß ç ï Ý�æºã~ë^àºß æºàºá�ã~ô~ßÏâséxæºã~â}ãpÜBçXíxý å­çÏï·ãzß ÜBß çÏßÏÝVá·é©Ý æeÝ ÞÎãpç ãpæ^â}ãpçÏç ß ÜBõ
âÈÝVæºãz÷»ß ç ïBß Ü�ç ï�ÝVçàºß æºàºá�ã¦ösõ�æqÝTëqß ãpÜBçNÞÎãpçÏï·ä~ë~â ÝVæºã¥á ß þvãpá Û ç ä¥êTã¥çÏæeÝ éxéxã~ë ß Ü ç ïBã�ÝVæºã~Ý äpåkç ïBã¥á äpàqÝVáÞ´ß Ü·ß�ÞÎèBÞ ÝVÜ�ë�àºäpÜ�â}ãpùTèBãpÜBç á ÛkçÏï·ã»õ�á äpê�ÝVávÞ´ß Ü·ß�Þ ÝÈ÷»ß á ávÜ·äpç�ê¦ã@å äpèBÜ�ëxí

Figure 1: Err or surface with a local minima.
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è�â}ã~ëxí�� ß ç ï´â ß ÞÎèBáÏÝVçÏã~ë@ÝVÜBÜBã~ÝVá ß ÜBõEç ïBãgé©Ý æeÝ ÞÎãpç ãpæqâÝVæºã�ß ÜBß ç ßRÝVá á Û´õ�ß ì ãpÜ áÏÝ æ õ�ã�éxãpæ çÏè·æºê�Ý ç ß äpÜ�âºö¦ßÏí ãiçÏï·ã�â}ã~Ý æ à ï äpÜ ç ïBãiãpæºæºäpæÍâ è·æºå}ÝVàºã�ßÏâÞ ÝTëqã^÷»ß ç ï áÏÝVæºõ�ãNâ}çÏãpé©âºöe÷»ï·ß á�ãNÝVçsçÏï·ãzãpÜ±ëkäpå­ç ïBãNÝVÜBÜ·ã~Ý á ß ÜBõiçÏï·ãNâ ç ãpé©âÈÝVæºãNâ}Þ ÝVá áÝVÜ�ë@ç ïBã�ÝVß Þ ßÏâ�çÏä@àºäpÜ ì ãpæºõ�ã»ç ä»ç ïBã»Ü·ã~Ý æ ã~â ç�á äpàqÝVávÞÎß ÜBß Þ´è·Þ í

Figure 2: Escapefr om a local minimum by usinglargeparameter perturbations in
‘simulated annealing’.
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çÏï·ã»Þ Ý õ�ÜBß ç è�ëqã»äpåBç ïBã@é©Ý æeÝ ÞÎãpç ãpætéxãpæ çÏè·æºê�Ý ç ß äpÜ�â¯í
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ftÜNß ç ãpæqÝVç ß�äpÜ�â}ç ãpé¶ßÏâKçXÝ þ
ãpÜNê¦ÛzÞÎä~ëqß å Û�ß ÜBõzäpÜ·ãOé©ÝVæqÝVÞÎãpçÏãpæ»ÝVçtÝOçÏß ÞÎã¶Ý Ü±ëÈã ì Ý á è�ÝVçXûß ÜBõ çÏïBã ãpæºæºäpæ�å èBÜBà çÏß äpÜ éxæºß äpæ ç ä ÝVÜ�ë ÝVå ç ãpæ ç ïBã ÞÎä~ëqß úBàqÝVç ß äpÜ äpåGç ïBßÏâºö¤£G¥K¦9§©¨Bª»öé©Ý æeÝ ÞÎãpç ãpæZí~ý å�çÏï·ã ì ÝVá�è·ã@äpå�ç ïBã�ãpæºæºäpæ�å è·ÜBàºç ß äpÜ¢� ñtù�í«�����·ßÏâ±æ ã~ëqèBàºã~ë ó ßÏí ã¦í öpç ïBã�ÜBãp÷é©Ý æeÝ ÞÎãpç ãpæOâ ãpç ç ß ÜBõ@ßÏâ©êTãpçÏç ãpæÆç ï�ÝVÜÍç ïBãIàºèBæ æºãpÜBçXôeçÏï·ãkÝ àºç ß ì ãIé©ÝVæqÝVÞ´ãpç ãpæÆßÏâ©è·é©ë~ÝVç ã~ëÝVÜ�ësçÏï·ãÆß�Ü·àºæºãpÞÎãpÜBç¤å}Ý à çÏäpæ©å äpæ­çÏï·ãOÝVàºçÏß ì ãÆé­ÝVæqÝVÞÎãpç ãpæ­ßÏâ¤þvãpéxçXí¯ý ålöZäpÜzç ïBãÆäpç ïBãpæ­ï�ÝVÜ�ëxöçÏï·ã ì ÝVá èBãÎäpåLçÏï·ãÎãpæºæºäpæ�å èBÜBàºç ß äpÜ ßÏâ@ß Ü·àºæºã~ÝTâ ã~ëËß ç@ßRâ�á ß þvãpá ÛÌç ïBã â ã~ÝVæºàºï â}çÏãpé ÷GÝTâéxãpæºå äpæºÞÎã~ë�ß ÜËç ïBã�÷»æºäpÜ·õÎëqß�æ ãpàºç ß�äpÜ±ö~Ý Ü±ë�ç ïBã�èBé©ëxÝVçÏãÍâ ï·äpèBáÏë�êTã�çÏä�ç ïBã�äpçÏï·ãpæzâ ßÏëqãäpåBç ïBã»à èBæºæ ãpÜBç ì ÝVá èBã@å äpætç ïBãiÝ à çÏß ì ã»é©Ý æeÝ ÞÎãpç ãpæZí
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ζ
öeÝVæºã�õ�ß ì ãpÜiê¦Û

� ñtù�í��L�

ðKß�õ�èBæ ã���ß á á è�â}çÏæeÝ ç ã~âsç ïBã^àqÝTâ}ãzäpågÝzçÏæºßÏÝVá�é­ÝVæqÝVÞÎãpçÏãpæGâ ç ãpéNß ÞÎéxæºä ì ß Ü·õ�çÏï·ãzà äpæºæºãpáÏÝTûçÏß äpÜ ó èBéxéxãpæqô·Ý Ü±ë@ç ïBã»àeÝ¦â}ã»÷@ïBãpÜÎçÏï·ã�â ã~ÝVæºàºï ëpß æ ãpàºçÏß äpÜÎßÏâ�à ï�ÝVÜBõ�ã~ë ó á äp÷»ãpæeô�í

Figure 3: The parameter search method for the one dimensional case.
Upper: The first step is taken in the ‘right’ dir ection.
Lower: The first step is taken in the ‘wrong’ direction

��ïBßÏâ±ÞÎã~Ý Ü±â±çÏï�ÝVç�ß å·ç ïBãÍâ ã~ÝVæºàºïÎßÏâ±éxãpæºå äpæºÞÎã~ë�ß Ü Ý�ëqß�æ ãpàºç ß�äpÜËõ�ß ì ß�Ü·õÎÝ ÜËß ÜBàºæ ã~Ý¦â}ã~ëì ÝVá èBã¶å äpæ»ç ïBã¶ãpæºæºäpæ»å è·ÜBàºç ß äpÜ�çÏï·ã¶èBé©ëxÝ ç ã¶ßÏâLç äËÝ ì ÝVá èBã¶äpÜ�ç ïBã¶äpç ïBãpæ�â}ßRëqã¶äpå�çÏï·ãß ÜBß çÏßÏÝVá ì ÝVá�è·ãkäpåKç ïBãÎëpã~â}ß õ�Ü ì Ý æ ßRÝVêTá ã¦í;��ïBã´â}ç ãpé©û�â}ßÏü�ãkßÏâ@â}ïBäpæºç ãpÜBã~ë¶ã~ÝVà ï ç ß�ÞÎãGçÏï·ãâ ã~ÝVæºàºï ëqß æºãpà çÏß äpÜÎßÏâ�à ï�ÝVÜBõ�ã~ëxö ãpÜ±â è·æºß ÜBõkàºäpÜ ì ãpæºõ�ãpÜBàºã¦í
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Figure 5: The finite element   model with the three regions identified by color.ý çNßRâ´äpê ì ß äpè�â´ç ï�ÝVçNçÏï·ã¥Þ ÝVç ãpæºßÏÝVázÞ´ä~ëqãpázç ä¥êTã¥è�â}ã~ë å äpæÌç ïBã àºäpÜBõ�á�äpÞÎãpæqÝVç ã¥äpåå è�â}ãpáRÝVõ�ã�â}þvß Ü�öºå æeÝ ÞÎã~âºöqâ ç æºß ÜBõ�ãpæqâºöºß�Ü·çÏãpæ ß äpæ�é©Ý Ü·ãpáRâsÝ Ü±ë�ç ïBãpæ Þ ÝVá¦ß�Ü±â è·áRÝVç ß äpÜ�ï�ÝTâ�ç äêTã»ùTèBß çÏã@õ�ãpÜ·ãpæqÝVáRí
��ïBã ãpá�ãpÞÎãpÜBçXâÌè±â ã~ë ÝVæºã ÞÎä~ëpß ú·ã~ëÙ·Tû ÜBä~ëqã â}äpá ßRë�ãpá ãpÞ´ãpÜ·ç âºíC��ïBßÏâ â ãpá ãpà çÏß äpÜ äpåãpá ãpÞ´ãpÜ·ç â�ßÏâ�ÞÎäpçÏß ì Ý ç ã~ë@ß Ü â ãpàºç ß äpÜ��¦íÚ�·öV÷@ïBãpæºã»ç ïBã@ãpá ãpÞ´ãpÜ·ç�ßRâEëqã~â}àºæºß êTã~ëxí
��ïBãtà äpÞ´éxá ãpç ãtúBÜ·ß�ç ãtãpá ãpÞÎãpÜBç�ÞÎä~ëqãpá�àºäpÜ�â}ßÏâ çXâ·äpå ¹�\ �gãpá ãpÞÎãpÜBçXâ±Ý Ü±ëÈ� ¬ � \ ëpãpõ�æºãpã~âäpåBå æºãpã~ëqäpÞ ó ðKß õ�è·æºã ¬ ô í
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Figure 6: Definition of dir ections.
Fuselage: Radial (r), Tangential (t) and Longitudinal (z).
Floor:  Horizontal (x), Vertical (y) and Longitudinal (z).ý Ü�äpæqëqãpæ�çÏä�÷@æºß çÏã�ç ïBã�àºäpÜ�â}ç ß çÏè·çÏß ì ã�ãpùTè�ÝVç ß�äpÜ±â�å äpæEÝVá á�ç ïBæºãpã�Þ ÝVçÏãpæ ßRÝVáÏâ�ß Ü�ç ïBãzâXÝVÞÎãå äpæºÞ ömç ïBæºãpãGõ�ãpÜBãpæeÝ ásëqß æºãpàºç ß äpÜ�âºömàeÝ á á ã~ë�gÑ��h ö*g \ hvÝVÜ�ë�gÑ��h övÝVæºãkß ÜBç æºä~ëqèBà ã~ëÎÝ à àºäpæqëqß ÜBõçÏä@çXÝ êTá ã��Tí

fÌàºãpÜBç æqÝVáeéxæºäpéxãpæºç Û�äpå�çÏï·ãséxæºã~â}ãpÜBçvÞ´ä~ëqãpá ß ÜBõEßRâ
ç ïBã»ëpãpÞ ÝVæºàqÝVç ß äpÜ^ç äÈÝ ì ãpæºÛEá ß Þ´ß ç ã~ëå æºãpùTèBãpÜBà Û æqÝVÜBõ�ã¦í���ïBßÏâ â}ß Þ´éxá ß úBã~âiç ïBã â ãpá ãpàºç ß äpÜ äpå@Þ ÝVçÏãpæ ßRÝVáÈÞÎä~ëqãpá¶â}ß ÜBàºã çÏï·ãå æºãpùTèBãpÜBà ÛiëpãpéxãpÜ±ëpãpÜ·àºß ã~â©äpåxç ïBãIÞ ÝVç ãpæºßÏÝVáTéxæºäpéxãpæºç ß ã~âgÝVæºãEÜ·äpç­æºãpùTèBß æºã~ëxí
f å èBæºç ïBãpæâ ß ÞÎéxá ß�ú·àqÝVçÏß äpÜ�ßRâ�ß ÜBç æºä~ëqè·àºã~ëËêTÛÌç ïBãËè�â}ãÎäpå�Ý â}çÏß å å ÜBã~â¯â�éxæºäpéxäpæºç ß�äpÜ±ÝVá»ë~ÝVÞÎéxß ÜBõxí
ftá ç ïBäpè·õ�ïËçÏï·ßRâIâ}ãpãpÞ â±çÏä�ê¦ãÍÝ ì ãpæºÛGàºæ è�ëqã@÷GÝ ÛGäpå·ï�ÝVÜ�ëqá ß ÜBõGç ïBãiëxÝVÞÎéxß�Ü·õkéxæ äpé~ãpæeûçÏß ã~âºö ß çxàqÝVÜ�êTãIâ ï·äp÷»Ü ó ã¦í õ¤í ö�� ® �}ô ç ï�ÝVç©â ç ß å å ÜBã~â¯âxéxæºäpéxäpæºç ß äpÜ�ÝVá~ëxÝ ÞÎéxß ÜBõLßRâ¤ãpùTèBß ì ÝVá ãpÜBççÏäzÞ´äpæ ãÍÝTë ì ÝVÜBàºã~ëÉëxÝVÞÎé~ß Ü·õGÞÎä~ëqãpáÏâ±á ß þvã�ç ïBã�äpÜ·ã~âÆê·ÝTâ}ã~ëzäpÜ­fLèBõ�Þ´ãpÜ·çÏß ÜBõÝ��ïBãpæeûÞ´ä~ëqÛ�Ü�ÝVÞÎß�àLðKß�ãpáÏëxâC� ¹ �}í

TABLE 1. Material dir ection definitions.

Model part dir ection ‘1’ dir ection ‘2’ dir ection ‘3’ð�è�â}ãpáÏÝ õ�ã l�Ý¦ëqßÏÝVá ó æqô �±Ý Ü·õ�ãpÜBç ßÏÝVá ó ç ô ø�äpÜ·õ�ß ç è�ëqß Ü�ÝVá ó ü ô
ÿBäpäpæ �¶äpæºßÏü�äpÜBçXÝVá ó i
ô ÞÇãpæºçÏß àeÝ á ó ÛBô ø�äpÜ·õ�ß ç è�ëqß Ü�ÝVá ó ü ô

ð è â ã á Ý õ ã ¿ æ ö ç ö ü
ð á ä ä æ ¿ i ö Û ö ü
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Inverse Modeling of the dynamic properties of a turbo-prop Aircraft
[Yß

��ïBã@àºäpÜ�â}çÏß ç èBç ß ì ã»æ ãpáÏÝ ç ß äpÜ´Þ Ý Û^êTã»÷@æºß ç çÏãpÜÎß Ü´Þ ÝVç æºß�i^å äpæ Þ

� ñtù�í����

÷»ïBãpæ ãEçÏï·ãEÚáà â�ÝVæºãEç ïBãEàºäpÞÎéxá ã,i ì Ý á èBã~ëIÞ ÝVçÏãpæ ßÏÝ áTéxæºäpéxãpæºç ß ã~â©çÏäEêTãEå äpèBÜ±ëI÷»ß çÏïÍçÏï·ãß Ü ì ãpæeâ ã@Þ´ä~ëqãpá ß ÜBõkç ãpà ïBÜ·ß�ùTèBã¦í � æ çÏï·äpçÏæ äpé~ß à�â Û�ÞÎÞ´ãpç æºÛkßÏâEÝ¦â¯â}èBÞÎã~ë óäãæå ç�èOãCçéå ô íñ@ÝVàºï´ç ãpæºÞ ã�å ç Þ Ý ÛkêTã»÷@æºß çÏç ãpÜ
� ñtù�í ¬ �

÷»ïBãpæ ã ßÏâGçÏï·ãÌãpáÏÝTâ ç ß àNé©Ý æ ç´ÝVÜ�ë
ξ
å ç ëqãpç ãpæºÞÎß ÜBã~âGç ïBã ß�Ü±ëqß ì ßÏëqè�ÝVá^ëxÝVÞ´éxß ÜBõæºãpáÏÝVçÏã~ëzçÏä@ã~ÝVàºïÎàºäpÞÎéxäpÜBãpÜ·ç�äpå·ç ïBãiâ}ç æºã~âXâ¯û â ç æqÝVß ÜËæºãpáÏÝ ç ß äpÜ�í,f@âIÝ»ú·æqâ çEÝVéxéxæºä,i�ß�Þ ÝTûçÏß äpÜ�ÝVá á

ξ
å ç ÝVæºãÈõ�ß ì ãpÜNçÏïBã¶â¯Ý ÞÎã ì ÝVá èBã¦ö êTèBçÇç ïBßÏâLÝVéxéxæºä,i�ß Þ ÝVçÏß äpÜNÞ Ý ÛzêTãÈæºãpàºäpÜ±â ßÏëxûãpæºã~ë�ß åTç ïBãLæ ã~â èBá çXâ�äpåTç ïBãLß Ü ì ãpæqâ ã�Þ´ä~ëqãpá ß ÜBõ¶ÝVæºãLÜBäpç±â}èBå úBà ß�ãpÜ·ç íK�¶äp÷»ã ì ãpæZöº÷»ß çÏï·äpèBççÏï·ßÏâGÝTâXâ}èBÞÎéxçÏß äpÜÜ��·ÍÞ Ý ç ãpæºßÏÝVá�à äpÜ�â}ç ÝVÜBçXâO÷@äpèBáÏëNêTãÍæ ãpù¦è·ß æºã~ëNå äpæ^ã~Ý àºï Þ Ý ç ãpæºßÏÝVáß Ü�â ç ã~ÝTë@äpåÆ���Tí

��n�ê ëá�!u,{ u%v�wYy,u,�!uG|Lw!tK~�v
f ì ãpæ ÛÌâ}ß Þ´éxá ã¦öBÝ Ü±ë¶àºäpÜ�â}ãpùTèBãpÜBç á ÛÉÜBèBÞÎãpæºß àqÝVá á ÛÍãpå ú·àºß ãpÜBçXö�ãpá ãpÞÎãpÜBçt÷GÝTâ�ëqã~â ß æ ã~ë~í
�¶äp÷»ã ì ãpæZö ç ïBã»ãpá ãpÞ´ãpÜ·çKå äpæºÞÎèBáÏÝVç ß�äpÜ â ï·äpèBáÏë»õ�ß ì ã�ÝVàºàºãpéxçXÝ êTá ã»æºã~â}èBá ç â�å äpætç ïBã»çÏÛ�éxãäpåKëqãpå äpæºÞ ÝVç ß äpÜÉå äpèBÜ�ëÈß ÜÉç ã~â çXâK÷»ß çÏïNê¦ãpÜ±ëqß�Ü·õÍëqäpÞÎß�Ü±Ý Ü·ç©êTãpï�Ý ì ß äpæsäpåvç ïBãOå è�â}ãpáÏÝ õ�ãâ ç æºè·àºç èBæºã¦í
ftå ç ãpæÌâ äpÞÎã�á ß çÏãpæeÝ ç èBæ ã�æºã ì ß�ãp÷ ÝVÜìg ãpÜBï�ÝVÜBà ã~ë¥â ç æqÝVß Ü å äpæ Þ´è·áRÝVç ß äpÜ/h�·¦û Ü·ä~ëqã â äpá ßÏëãpá ãpÞ´ãpÜ·çí��·L��÷GÝTâ�â}ãpá ãpàºç ã~ë~í�ý ç�Þ Ý Û â}ãpãpÞ çÏä ê¦ã Ý Ü Ý ÷@þv÷GÝVæqë â}ãpá ãpàºç ß�äpÜ±öKè±â ß ÜBõõ�ãpäpÞÎãpç æºß àqÝVá�á Û�á ß ÜBã~ÝVækâ}äpá�ßÏëkãpá�ãpÞÎãpÜBçXâså äpækÝzàºèBæ ì ã~ë^æeÝ ç ïBãpæIç ïBß Ü¥â}çÏæ èBàºç èBæ ãz÷@ß�ç ï¥ÝëqäpÞ´ß Ü�ÝVÜ·ç êTãpÜ�ëqß ÜBõ êTãpï�Ý ì ß äpæZíá�¶äp÷@ã ì ãpæZöOç ïBã ÝTëxëpß ç ß äpÜ�ÝVáÌëqãpå äpæºÞ ÝVçÏß äpÜ ÞÎä~ëqã~â öß ÜBç æºä~ëqèBàºã~ë´÷@ß�ç ï¥ç ïBãæg ãpÜBï±Ý Ü·àºã~ë â ç æqÝVß Ü¥å äpæºÞÎèBáÏÝVç ß�äpÜRh övÞ´ã~ÝVÜ�â»ç ï�ÝVçOç ïBãNãpá ãpÞÎãpÜBç÷»äpæºþ�âEâ èBå ú·àºß ãpÜBç á Û^÷@ãpá ávß�ÜÎêTãpÜ�ëqß ÜBõ�� ß �}í
��ïBã¥æºã~â}èBá çXâNäpåkç ïBã¥ß�Ü ì ãpæeâ ã¥ÞÎä~ëqãpá�ß ÜBõ ÷»ß á áÍâ}ïBäp÷ ß åkç ïBã¥ãpá ãpÞ´ãpÜ·ç â}ãpá ãpàºç ß�äpÜ ßÏââ è·ß�çXÝVêTá�ã@çÏä@Þ´ä~ëqãpá
çÏï·ã»éxæºã~â}ãpÜBç�â}çÏæºè·àºç èBæºã¦í
Ú»èBæ ß ÜBõOçÏï·ãtç ã~â çBç ïBãLå è�â}ãpáRÝVõ�ã�â ç æºè·àºç èBæºãL÷�ÝTâ±â è·é~éxäpæ çÏã~ë�ê¦ÛGâ}ß�iGâ}äpå ç ö ß ÜBå áÏÝVçÏã~ëxö ç ß æºã~ûçÏè·êTã~âXí���ïBã~â}ãËâ}èBéxéxäpæºçXâzÝVæºãËâ}ß ÞÎèBáÏÝ ç ã~ë�÷@ß çÏïì�Tû ÝLi�ßÏÝ áLâ éxæ ß�Ü·õ
â¯í���ïBãËâ}ç ß�å å Ü·ã~âXâ}ã~â�äpåçÏï·ã�â}éxæºß ÜBõBâEÝVæºã�ÝTâ¯â è·Þ´ã~ë�ãpù¦è±Ý á
å äpæ�Ý á á
çÏï·æºãpã�ëqß æºãpà çÏß äpÜ�â ó Ý Ü±ë@ç ïBãiâ ß�ikß Ü�ëqß ì ßÏëqè�ÝVáâ è·éxé~äpæ ç â¯ôBÝVÜ�ë�çÏï·ßRâEâ}ç ß�å å Ü·ã~âXâ�ßÏâEÝ¶â ãpé©ÝVæqÝVç ã»é©ÝVæqÝVÞ´ãpç ãpæLß�ÜÎç ïBã»ß Ü ì ãpæqâ}ã»ÞÎä~ëqãpá ß�Ü·õ
í

σ11

σ22

σ33

σ12

σ13

σ23

D11 D12 D13

D21 D22 D23

D31 D32 D33

D44

D55

D66

ε11

ε22

ε33

ε12

ε13

ε23

=

Di j Di j
ℜ e

1 ι̇ ξ i j+( )=

Di j
ℜ e



	�

������������

�
�����
���������� !������

�� #"�$% &���'��(!)*

+, &-/.0�

132%4&57698�5;:=<�>%5�?'@'2BAC<EDGFIH%5/>KJL2%MONC@'POQ/67<�QR576�FI@'5�8S<EDGMTFIU%6�V
<�W Q/67<�QYX#@'6�P76�M3DZF [ ���

��n'î ïÝð/vár�{�tK|�uGñ0��t7�Et�x#q�t7�¤{
� ß ç ï çÏï·ã�Þ Ý ç ãpæºßÏÝVáLÞÎä~ëqãpá�â}ãpá�ãpà çÏã~ëÌß Ü â}ãpàºç ß äpÜò�Tí��Ë÷»ã àqÝVÜ ÷»æºß ç ã�ç ïBã¥ëpÛ�Ü�ÝVÞÎß�àãpùTèBß á�ß êTæºß èBÞ ãpùTè�ÝVç ß äpÜ´ß Ü Ý ì ãpæ ÛNâ}ß Þ´éxá ã»å äpæ Þ

� ñtù�í ® �
ðBäpæ�ÝÈï�ÝVæºÞÎäpÜBß àLã,i�àºß çXÝVçÏß äpÜ�öVõ�ß ì ãpÜ´êTÛ

� ñtù�í ¹ �
÷»ïBãpæ ã»Î�ßÏâ¶Ý ó éxä~âXâ}ß ê¦á Û�àºäpÞÎéxá ã,i
û ì ÝVá èBã~ëxô­à äpÜ�â çXÝVÜBçXöxç ïBã�â ç ã~ÝTëqÛ
û â}ç ÝVç ãÉæºã~â}éxäpÜ�â ã¦öéxæºä ì ßÏëqã~ë@ç ïBãiâ ÛBâ ç ãpÞ ßÏâ�á�ß Ü·ã~Ý æ�ö ßÏâ�õ�ß ì ãpÜ´êTÛ

� ñtù�í�·L�
÷»ïBãpæ ã�ó ßÏâ Ý àºäpÞÎéxá ã,i
û ì ÝVá èBã~ë¥àºäpÜ�â}çXÝ Ü·ç í��´â ß Ü·õ ç ïBßÏâÉã,i�éxæºã~âXâ}ß äpÜ å�äpæíô«ÉÑ¦�Ô ÝVÜ�ëã ì ÝVá è�ÝVçÏß Ü·õ^ç ïBã@çÏß ÞÎã�ëqãpæºß ì Ý ç ß ì ã~â�äpå/ô«Éä¦IÔ�õ¤� ñLù�í ® �BàeÝ ÜÎêTã»÷@æºß çÏç ãpÜ

� ñtù�í ß �
��ïBã@å�æ ãpù¦è·ãpÜBàºÛkæºã~â}éxäpÜ�â}ã»å èBÜ·àºç ß äpÜ�â�å äpæ@Ý¶â}Û
â}ç ãpÞ Ý ç�å æ ãpù¦è·ãpÜBàºÛ

ω
Ý æ ã�ëqãpúBÜ·ã~ë@êTÛ

� ñtù�í����L�
÷»ïBãpæ ã]ô å ßÏâ�ç ïBã�æºã~â}é~äpÜ±â ãzÝVç±ëqäpå�§~å äpæEÝtå äpæ àºãÏö ç ÝVç±ëqäpå!÷mí [ Û¶â}ß ÞÎé~á Û¶ÝVéxéxá Û�ß ÜBõ¶ÝLèBÜBß çå äpæºàºãOÝVç¤ã~ÝVà ïNëpæ ß ì ß ÜBõ�éxäpß�Ü·ç¤è�â ã~ësß Ü^çÏï·ãÆçÏã~â}çXö}ç ïBãÆÞÎä~ëqãpáqã~â ç ß Þ Ý ç ãÆäpåmç ïBãÆå æ ãpù¦è·ãpÜBàºÛæºã~â}éxäpÜ�â ã@å èBÜBà çÏß äpÜ�âSø å ç ÝVæºã»å äpèBÜ±ëiÝTâ�çÏï·ã»æºãpáÏÝVç ß�äpÜùó å9ú Î ç å æºäpÞû� ñLù·í������ í
��n'ü ëáq�q�~�qþýÿ�¤v�|�w!t&~�v
��ïBã�ãpæ æºäpæ±å�è·ÜBàºç ß äpÜ â ãpá ãpàºç ã~ëEßÏâ­çÏïBãEàºäpæºæ ãpáRÝVç ß äpÜ�êTãpç ÷»ãpãpÜiÞ´ã~ÝTâ}èBæºã~ëEæ ã~â éxäpÜ�â}ã¦ö7ó���öÝVÜ�ë´ç ïBã´ÞÎä~ëqãpáÆæ ã~â éxäpÜ�â}ã¦ö�ó��pövå äpæËÝÉé©Ý æ çÏß à èBáÏÝ æGã,i�àºß çXÝ ç ß äpÜ�í���÷@äNùTè�ÝVÜBç ß ç ß�ã~âiÝ æ ãëqãpúBÜBã~ë�çÏä ëqãpçÏãpæ Þ´ß ÜBã çÏï·ã àºäpæ æºãpáÏÝ ç ß äpÜ��Eç ïBã ì ß ê¦æeÝ ç ß äpÜ â ï�ÝVéxã Ý Ü±ë çÏï·ã éxï�ÝTâ}ãàºäpæºæ ãpáRÝVç ß äpÜ�ö

 λ
öTëqãpúBÜBã~ë�ê¦Û

� ñtù�í����L�
ÝVÜ�ë@ç ïBã�Ý ì ãpæeÝ õ�ã»æºã~â}éxäpÜ�â}ã»á ã ì ãpávà äpæºæºãpáÏÝVç ß�äpÜ±ö ∆

öTëqãpúBÜ·ã~ë@êTÛ
� ñtù�í�� \ �

��ïBãsúBæeâ çvé©ÝVæqÝVÞ´ãpç ãpæ ó
λ)
ßRâ�â}äpÞ´ãp÷@ï�ÝVçÇâ}ß Þ´ß áÏÝVæ©ç äsçÏï·ãsäpæqëqß Ü�ÝVæºÛ�à äpïBãpæºãpÜ·àºãså èBÜ·àºç ß�äpÜå äpæOç ÷@ä ì ãpàºçÏäpæeâ í�ð·äpæÈæºã~Ý áÏû ì Ý á è·ã~ë ì ãpà çÏäpæeâ ö λ

÷»ß á�á©êTãpàºäpÞ´ãGç ïBãÎâ ùTè�ÝVæºãGæºäpäpçgäpåKçÏï·ãàºäpïBãpæ ãpÜBàºã@å�è·ÜBàºç ß äpÜ�í���ïBã»æ ã~Ý¦â}äpÜÎå äpætÜBäpç�è±â ß ÜBõkç ïBã»äpæeëpß Ü±Ý æ Û^à äpïBãpæºãpÜBà ã»å èBÜ·àºç ß�äpÜßÏâgçÏï±Ý çsß çgßRâgÜ·äpçsß ÜBÿBè·ãpÜBàºã~ëGê¦Ûiéxï�ÝTâ}ã^æºäpçXÝVç ß�äpÜ±â»Ý Ü±ëk÷»ß á á�à äpÜ�â}ãpù¦è·ãpÜBç á�ÛiÜ·äpçsêTãNÝõ�äpä~ë àºäpæºæºãpáÏÝVç ß�äpÜ ß Ü�ëqß àqÝVç äpæ å äpæ¥ç ïBã�àºäpÞÎéxá ã,i
û ì ÝVá èBã~ë æºã~â}éxäpÜ�â ã ì ãpà çÏäpæeâ�çÏä�êTãàºäpÞÎé©Ý æ ã~ë@ß Ü´ç ïBã@éxæºã~â ãpÜ·ç�ÝVé~éxá ß àqÝVç ß�äpÜ±í
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Inverse Modeling of the dynamic properties of a turbo-prop Aircraft
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TABLE 2. Parameter identification. Parametersbelongingto material 2 and 3 givenin parenthesis.

Parameter 1 2 (3,4) 5-10 (14-19, 23-28) 11-13 (20-22, 29-31)
ÞgÝ æ ßRÝVêTá ã �~èBéxéxäpæºçâ}éxæºß ÜBõBâ Ú�ÝVÞ´éxß ÜBõ ó

ξ
ô Ú à à"#ÿà"$&%('*) Úáà â+#�à,$&%(#*-(#*.;â+$/%(#*-(#*.Sà

≠
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TABLE 3. Initial material parameters

Fuselage
Damping ζ
K=K(1+iζ)

Dii, i=1,2,3 Dii , i=4, 5, 6 Dij, i=1, 2, 3 j=1,2,3

�·äpé �Tí ¬ �����Èò ¸sÝ ¬ �Èò�¸ÆÝ ¬ ò�¸ÆÝ
[ äpçÏç äpÞ �Tí ¬ �����Èò ¸sÝ ¬ �Èò�¸ÆÝ ¬ ò�¸ÆÝ
ð�á äpäpæ �Tí ¬ �����Èò ¸sÝ ¬ �Èò�¸ÆÝ ¬ ò�¸ÆÝ

TABLE 4. Initial scaling factors.

Parameter 1 2-5, 7-31 6 *�TàqÝVá ß ÜBõkå}ÝVàºç äpæ ��� ¬ \

ε 1 λκ∆1 κ⁄
–( )= κ 1≥
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îkäpç�â èBæ éxæºßÏâ ß ÜBõ�á Û ö·â äpÞÎã¶é©ÝVæqÝVÞÎãpçÏãpæeâzÝ æ ã¶ÞÎäpæºã¶ß ÞÎéxäpæºçXÝ Ü·çLç ï�ÝVÜ�äpç ïBãpæeâ í���ïBßÏâ�ßÏâ öå äpæÈã,i
ÝVÞ´éxá ã¦ö�ç ïBãGæºã~Ý¦â}äpÜ å äpæÈçÏï·ãká äp÷@ãpæ¶â àqÝVá ß ÜBõÍå}ÝVàºç äpæ¶â ãpá ãpàºç ã~ëGå äpæÈé©ÝVæqÝVÞ´ãpç ãpæ ®ó 
 X������3� ô íTð�èBæºç ïBãpæ�öTß�ç^Ý éxéxã~ÝVæqâE÷@ßRâ}ã�ç ä â çXÝVæºç�êTÛ´úBÜ�ëqß ÜBõ´æ ã~Ý¦â}äpÜ�ÝVêTá ã ì Ý á èBã~âEå äpæçÏï·ã@é­ÝVæqÝVÞÎãpçÏãpæeâ�ï�Ý ì ß ÜBõGçÏï·ã»áÏÝVæºõ�ã~â ç�ß�Ü·ÿBèBãpÜ·àºã@äpÜÎçÏï·ã»æ ã~â è·á�çXâEÝVÜ�ë�ç ïBãpÜÎàºäpÜ·çÏß ÜBè±ûß ÜBõkçÏï·ã�â}ã~Ý æ à ïÎß�Ü ì äpá ì ß Ü·õNÝVá ávé©ÝVæqÝVÞ´ãpç ãpæqâºí
��ïBæºãpãEé©ÝVæqÝVÞÎãpçÏãpæeâ ó Ú! " ö Ú4 65©ÝVÜ�ëIç ïBã^ëxÝ ÞÎéxß ÜBõ@å äpæ±çÏï·ãEå è�â}ãpáRÝVõ�ã^â}ãpàºç ß äpÜ ÝVê¦ä ì ãEçÏï·ãÿBäpäpæLá�ã ì ãpáÏô�÷»ãpæ ã»ßÏëqãpÜBç ß úBã~ëiÝTâ�çÏï·ã»ÞÎä~â ç�ß�ÞÎéxäpæºçXÝVÜBç�é©Ý æeÝ ÞÎãpç ãpæqâºí ðKß ì ã»ß çÏãpæeÝ ç ß äpÜ�â÷»ãpæºã@éxãpæºå äpæºÞÎã~ë@ß ÜBß ç ßÏÝ á á Ûkß�Ü ì äpá ì ß Ü·õ^äpÜ·á�Ûkç ïBã~â}ã»ç ïBæºãpã@é©Ý æeÝ ÞÎãpç ãpæqâºí
ý Ü ÝVá áKâ}ß�ÞÎèBáÏÝVç ß�äpÜ±â�çÏï·ã»àºäpÜ ì ãpæºõ�ãpÜBàºã@å}Ý à çÏäpæ�ö µ

öV÷GÝTâC�Tí ¬ ó â}ãpã�� ñLù·í����}ô í
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Figure 7: Convergence history (all 112 columns).
��ïBãEàºäpæ æºãpáÏÝ ç ß äpÜiå äpæÆã~Ý àºïiäpåxç ïBãþ��� \ å æºãpùTèBãpÜ·àºÛ@æºã~â éxäpÜ±â ãEå èBÜ·àºç ß äpÜiàºäpá èBÞÎÜ�âºö ã~ÝVà ïæºãpáÏÝVçÏã~ëgç äOÝOâ éxãpà ß�ú·àgëqæºß ì ß ÜBõEé~äpß ÜBç ó ã,i�à ãpéxç¤ç ïBãså äpèBæ©ã,i�àºß ç ÝVç ß äpÜ^éxäpß�Ü·ç â
è�â}ã~ësç ÷»ß àºã~ô ößÏâ�ß�á á è�â}çÏæeÝ ç ã~ë@ß ÜÎðKß�õ�èBæ ã�·Tí

Figure 8: Corr elation for individual fr equency response function columns.
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Inverse Modeling of the dynamic properties of a turbo-prop Aircraft
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f â ãpé©ÝVæqÝVçÏß äpÜ´äpå ì ß êTæqÝVçÏß äpÜQ;(:/£%��ªtà äpæºæºãpáÏÝVçÏß äpÜ Ý Ü±ë ì ß êTæqÝVçÏß äpÜ �R:R£S;Bªtàºäpæ æºãpáÏÝVçÏß äpÜNßÏâäpå@ß ÜBç ãpæºã~â}ç¶ß Ü â äpÞÎã àeÝ¦â}ã~â í��¥ïBãpÜ è�â ß Ü·õ¥ÞÎä~ëqãpáÏâ�ç ä ëqã~â}ß�õ�Ü fLàºç ß ì ã îkäpßÏâ}ã ÝVÜ�ë
Þsß êTæqÝVçÏß äpÜ �ÇäpÜ·çÏæ äpáÏö,fLîþÞÕ�±öxÝiâ ÛBâ ç ãpÞ Ý ç ß à�éxï�ÝTâ}ãÍëqß�å å ãpæ ãpÜBàºãzàqÝ Ü�êTã�àºäpÞÎéxãpÜ�â¯Ý ç ã~ëå äpækêTÛ�ç ïBãNéxï�ÝTâ}ãNäpågçÏï·ã�Ý à çÏè±Ý ç äpæ´ëqæºß ì ß�Ü·õ â}ß õ�Ü�ÝVáÏâ í��¶äp÷»ã ì ãpæ�ö¤äpÜBá Û¥â äpÞÎãNäpågçÏï·ãàºäpá èBÞÎÜ�â ó ëqæºß ì ß�Ü·õ^é~äpß Ü·ç â¯ô
â}ïBäp÷�ßÏëqãpÜBç ß�ú±ÝVê¦á ã�ëpß å å ãpæºãpÜ·àºãÈêTãpç ÷»ãpãpÜ´ç ïBãÈéxè·æºã¶â}ï�ÝVéxãàºäpæºæ ãpáRÝVç ß äpÜ ÝVÜ�ë�çÏï·ã�â}ï�ÝVé~ã,´�éxï�ÝTâ ã@àºäpæºæºãpáÏÝVç ß�äpÜ ó ðKß õ�è·æºã�·Tô í
��ïBã@Þ ÝVçÏãpæ ßÏÝ á
é©ÝVæqÝVÞÎãpçÏãpæeâ�å äpè·Ü�ëÍÝVç�çÏï·ã@ãpÜ�ë�äpå·ç ïBã�é­ÝVæqÝVÞÎãpç ãpæ�â}ã~Ý æ à ï Ý æ ã@õ�ß ì ãpÜß Ü��±Ý êTá ã ¬ í

�TäpÞÎãEäpåxç ïBã ì Ý á è·ã~â­ß Ü=�±ÝVê¦á ã ¬ ÝVæºãEùTèBß ç ãEèBÜ·æºã~ÝVá�ßÏâ}çÏß àVöXõ�ß ì ãpÜÍç ïBã^ÝVàºç è�ÝVáTÞ ÝVç ãpæºßÏÝ áÏâÝVÜ�ë ëqß ÞÎãpÜ�â}ß�äpÜ±âGäpåOç ïBã å è�â}ãpáÏÝ õ�ãÌæ ãpáRÝVç ß ì ã çÏä ç ïBã ëpß ÞÎãpÜ�â}ß äpÜ�âGäpåOç ïBã ÝTâXâ}èBÞÎã~ëëqß�ÞÎãpÜ�â}ß äpÜ�â�äpåBçÏï·ã»ÞÎä~ëpãpáÏí���ïBßÏâ�ßÏâEÝÈæºã~â è·á çKäpåBà äpèBéxá ß�Ü·õ^êTãpç ÷»ãpãpÜ´ç ïBã»ß Ü·ÿBèBãpÜ·àºã»äpåëqß�å å ãpæ ãpÜBç^Ú�û Þ Ý ç æºß�i â ãpç ç ß�Ü·õ
âºí [ Ý¦â}ß àqÝVá á�Û Ý�Þ´ä~ëqß úBàeÝ ç ß äpÜ äpåIäpÜ·ã çÏãpæ Þ ß Ü ç ïBãÌÚ�ûÞ ÝVç æºß�ikàqÝVÜÎê¦ã@àºäpÞÎéxãpÜ�â¯Ý ç ã~ë@å äpæLêTÛkà ï�ÝVÜBõ�ã~â�äpåBäpç ïBãpæLç ãpæºÞ â�ß Ü´ç ïBã@Ú�û Þ ÝVçÏæ ß�iBíTý ÜÞ ÝVç ïBãpÞ ÝVçÏß àqÝVávç ãpæºÞ â�çÏï·ã�â}Û
â}çÏãpÞ ßÏâ�èBÜ±ëqãpæ û ëpãpç ãpæºÞÎß ÜBã~ëxí
ý ÜËÞÎä~â çIâ}ß çÏè±Ý ç ß äpÜ�âÆß ç±Þ Ý ÛGêTã�éxä~â¯â ß êTá ã�çÏäÉâ éxãpàºß å ÛËâ äpÞÎã�äpå�ç ïBãzÚ�û Þ ÝVç æºß�i¶é­ÝVæqÝVÞ ûãpçÏãpæeâ öVäpæ�Ý ç�á ã~ÝTâ ç�ÝÈæqÝVÜ·õ�ã»å äpæLçÏï·ãpÞ í���ïBßÏâ�÷»ß á ávÞ Ý þ
ã»ç ïBã»ß Ü ì ãpæqâ ã@éxæºäpêTá�ãpÞ ã~ÝTâ}ß�ãpæÝVÜ�ë ÷»ß á áÈá ã~Ý¦ë çÏä Þ´äpæºã æºã~ÝVá�ßÏâ}çÏß àËÞ ÝVç ãpæºßÏÝVáÈé©Ý æeÝ ÞÎãpç ãpæqâºíÏ�¶äp÷»ã ì ãpæZö�çÏï·ã ÞÎä~ëpãpáÏâëqãpæºß ì ã~ëOå æ äpÞ èBÜ±ëpãpæ û ëqãpç ãpæºÞÎß ÜBã~ëOß Ü ì ãpæqâ}ãIÞÎä~ëqãpá�ß ÜBõ�Þ Ý ÛÍâ ç ß á�áxê¦ãGÝ à àºèBæeÝ ç ãkÝVÜ±ëOäpåõ�æ ã~Ý ç�éxæqÝVàºç ß àqÝVávè�â}ã»ã ì ãpÜ´ç ïBäpè·õ�ïÎç ïBã»Þ ÝVçÏãpæ ßRÝVávé©ÝVæqÝVÞÎãpçÏãpæeâ�ÝVæºã@ÜBäpç�æºã~ÝVá ßÏâ ç ß àVí

TABLE 5. Material parameters

Material

Parameter
Fuselage

Above floor
Floor

Fuselage
Below floor

Damping ζ
�Tí'� \Rß �Tí ß ��� \ �Tí'����� ß

D11
®�¹�® ò ¸sÝ � ß�ß ò ¸sÝ �Tí ®�¹ �T¸sÝ

D22
��� ¹ ò ¸sÝ \ ��� ® �T¸sÝ \ í'��·Ý�T¸sÝ

D33
¬ í ¬�ß �]¸sÝ ß í�·��,�����C�T¸sÝ ß í'·��,�����C�T¸sÝ

D44
¬�ß í ® ò ¸ÆÝ ® ��·Èò ¸sÝ ·�� ® ò ¸sÝ

D55
�·í ß�¬ ò ¸ÆÝ ß í��L�¶ò�¸ÆÝ \R¬ �Èò ¸sÝ

D66
\�\�® ò ¸sÝ \ í�·��Ý�]¸ÆÝ � \ í \ ò ¸sÝ

D12
¬ í ¬ �»ò ¸ÆÝ \ í \ �¶ò�¸ÆÝ ¬ í'� ¬ þ�¸sÝ

D13
¹ íÚ�R·»ò ¸ÆÝ �Tí'����·Èò ¸sÝ \ �¦í ¬ ò ¸sÝ

D23
�Tí'� ®�® ò ¸sÝ �Tí \ ���Èò ¸sÝ \R¹�ß ò ¸sÝ
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f ì ãpæeÝ õ�ã~ëtàºäpæ æºãpáÏÝVçÏß äpÜ ì ÝVá èBã~â�ÝVæºã»â}èBß çXÝVê¦á ãtå äpæÇãpæ æºäpæKå èBÜBàºç ß äpÜ�â�ÝVÜ�ëLå äpæÇà äpÞ´é©ÝVæºß ÜBõëqß�å å ãpæ ãpÜBç­ÞÎä~ëqãpá�ß Ü·õ»ÞÎãpç ïBä~ëxâºíB�¶äp÷@ã ì ãpæZömëqãpå äpæºÞ ÝVçÏß äpÜÌâ ï±Ý éxã~âgÝVæºãIæºãpùTèBß æºã~ëOçÏäIõ�ãpçÝ^æºã~Ý á­ß ÞÎéxæºã~â¯â ß äpÜÌäpåÇç ïBã´ÝVàºç è�ÝVá­àºäpæ æºãpáÏÝ ç ß äpÜÌêTãpç ÷»ãpãpÜ Þ´ã~ÝTâ è·æºã~ëÎÝVÜ�ëGàºäpÞÎéxèBç ã~ëæºã~â}éxäpÜ�â ã~âºí�f ç Û�é~ß àqÝVáxã,i
ÝVÞÎé~á ãOäpåvçÏï·ßRâKßÏâtâ ï·äp÷»ã~ëÈêTãpá�äp÷ ó ðKß õ�è·æºã ß ô í���ï·ãkâ}ãpá ãpàºç ß�äpÜäpåkã,i�à ß ç ÝVç ß�äpÜ éxäpß ÜBçN÷GÝTâ´Þ ÝTëqã¥ê�ÝTâ ã~ë äpÜ éxæºã ì ß äpè±âN÷@äpæºþ è±â ß ÜBõ ç ïBãÍ�´û ì ãpà çÏäpæñ]i�é©Ý Ü±â ß äpÜÎò�ãpç ïBä~ë ó �kñLò�ô/�Ñ���}í

Figure 9: Frequency response function response for excitation at point id:
‘363R10’ (82.0 Hz).
Left: Measured, Right: The finite element model.
Upper: Real part, Lower: Imaginary part (f orce: 1+0i).

��ïBã ëqãpå äpæºÞ ÝVçÏß äpÜ àºäpæºæºãpáÏÝVç ß�äpÜ å äpæiç ïBã�æ ã~â éxäpÜ�â}ã�ß Ü ðKß õ�è·æºã ß ßÏâNâ á ß õ�ï·çÏá Û ïBß õ�ïBãpæçÏï±ÝVÜËç ïBãÉÝ ì ãpæeÝ õ�ã�à äpæºæºãpáÏÝVçÏß äpÜ ó �Tí ß ��· ì â íG�Tí'· ® ô öxÝVá çÏï·äpèBõ�ï � ß äpå�ç ïBãzàºäpá èBÞÎÜ�âÈÝ æ ãâ ï·äp÷»ß ÜBõ´ã ì ãpÜ ï·ß�õ�ïBãpæ�àºäpæºæ ãpáRÝVç ß äpÜ�í��ÇäpÜ·àºãpæºÜ·ß�Ü·õ´çÏï·ã�á ã ì ãpáKà äpæºæºãpáÏÝVç ß�äpÜ±öR���Ëäpå±çÏï·ãàºäpá èBÞÎÜ�âEÝVæºã»êTãpç ç ãpætç ï�ÝVÜÎçÏï·ã»äpÜBãiâ ãpá ãpàºç ã~ë@å äpæLðKß�õ�èBæºã ß í
ê�n�m�n�m ºTq0uGñ0��u%v�|�ð�x]r�vás�q0uGy&���9w�y
ftá ç ïBäpè·õ�ïNç ïBãÈÞ Ý!µ äpægß�Ü·çÏãpæ ã~â çÇßÏâ�å�äpà è�â}ã~ëÈäpÜ · \ �Ëü ó çÏï·ã��­ÝTÝ ê��L��� [ áÏÝTëpã ¸sÝ¦â¯â¯Ý õ�ãðKæºãpùTèBãpÜBà Û
ô ö©â äpÞÎãÉàºäpÞ´é©ÝVæºßÏâ}äpÜ�âOäpåÆç ïBãÉå æºãpùTèBãpÜ·àºÛËæºã~â}éxäpÜ�â ãÉå èBÜBà çÏß äpÜ�â¶Ý çIäpç ïBãpæå æºãpùTèBãpÜBà ß�ã~â�Ý æ ãsß�Ü·çÏãpæ ã~â ç ß ÜBõxí3fÌå æºãpùTèBãpÜBà Ûzâ ÷@ãpãpéÈ÷¶Ý¦â
é~ãpæ å äpæºÞÎã~ëxöZè�â}ß�Ü·õ�ç ïBãsúBÜBß ç ããpá ãpÞ´ãpÜ·ç ÞÎä~ëqãpá
÷»ß ç ïÎç ïBã�Þ ÝVç ãpæºßÏÝ áBàºäpÜ�â}ç ÝVÜBçXâIëqãpç ãpæºÞÎß�Ü·ã~ëÍÝVç�· \ í'� �Ëü öpä ì ãpæ�çÏï·ãÞ´ã~ÝTâ}èBæºãpÞÎãpÜBç�å æ ãpù¦è·ãpÜBàºÛkæqÝVÜBõ�ã ® �Tû���� \ �Ëü ó ðÇß õ�èBæºã=���Tô í
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Inverse Modeling of the dynamic properties of a turbo-prop Aircraft
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Figure 10:  Correlation over the frequency range 60-130 Hz.
��ïBãEàºäpæ æºãpáÏÝ ç ß äpÜiä ì ãpæ±ç ïBãEå æºãpùTèBãpÜBà Û»æqÝVÜ·õ�ã ó ® �¦û���� \ �Ëü ôqßÏâ­ùTèBß ç ãEõ�äpä~ëxömÝ á ç ïBäpèBõ�ï Ýëqãpõ�æqÝTëxÝVçÏß äpÜÎ÷»ß ç ï´ß Ü·àºæºã~ÝTâ ß ÜBõkå æ ãpù¦è·ãpÜBàºÛkßÏâEÝ éxé©ÝVæºãpÜBçXí
ftÜ·äpçÏï·ãpæ�ß Ü·çÏãpæºã~â}ç ß ÜBõLàºäpÞÎé­ÝVæºßÏâ}äpÜzßRâ¤ç ïBãIëqæ ß ì ß ÜBõLéxäpß ÜBçxæºã~â}éxäpÜ�â ãÆä ì ãpæ­ç ïBã±å æºãpùTèBãpÜ±ûàºÛGæeÝ Ü·õ�ã¦í,fLõ
ÝVß ÜËçÏï·ãiëqæºß ì ß�Ü·õGéxäpß ÜBç�àeÝ á á ã~ë gÑ� ® �LlÕ���LhpßRâÆè�â ã~ëzç äÍâ ïBäp÷ ÝVÜËã,iBÝ ÞÎéxá ãäpåkïBäp÷ ç ïBã�ëpæ ß ì ß ÜBõ éxäpß ÜBç¡ÇKªK¥Kªÿ��¦E£GÁ/¥Kª ó ëqßÏâ éxáÏÝVàºãpÞÎãpÜBçNä ì ãpæÌå äpæºà ã~ô ì Ý æ ß�ã~â´÷»ß çÏïå æºãpùTèBãpÜBà Û ó ðKß õ�èBæºã����Tô í

Figure 11:Dri ving point receptance for point id: ‘363R10’.
ftáÏâ}äEçÏï·ßRâ©àºäpÞÎé©Ý æ ßRâ}äpÜiß Ü�ëqß àqÝVç ã�ß Ü·çÏãpæ ã~â ç ß ÜBõ»ÞÎä~ëqãpá¦éxæ äpé~ãpæ çÏß ã~âºö õ�ß ì ß�Ü·õ»õ�äpä~ëIæºã~â}èBá çä ì ãpæLç ïBã»÷@ïBäpá ã»å æºãpùTèBãpÜ·àºÛkæqÝVÜBõ�ã ® �¦û������ �Ëü í
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Figure 13:Corr elation for indi vidual fr equency response function columns.ðÓÑ�W�×3X/ÏÇW}[�Ò6X/^�åRX/[wX/×ãW}ÏËW}[wY�X/áàÏÇW}[ �&û
� Ò"ÏÇW}[hX&ÏËÒ"]}Ô�YRë�� ¢�� �	!#" íLX&[�W�X&^"×Ø]SYËÏóé(]}×ØåL^"W}ÏËW}^æÛ\wÒæáàáàW}[�W}Ô�Ï áà[�]}× ÏËÑ�W­Õ�X/^"Z�WSYÓÙ�ÒæÕ�W}ÔãÞ�Û�ÏÇÑ�W4Ò"Ô�Õ�W}[wYÖW4×Ø]S\wW}^"ÒæÔ�Ù�Ò"Ô�Õ�]}^"Õ�ÒæÔ�ÙQ\LX&ÏcX4áà]}[£X&^"^\w[(Ò"Õ�Ò"Ô�Ù åL]}Ò"Ô�ÏcY ë�� ¢�� ��!%$ í,ï ðÓÑ�ÒÇY é(]}Ô'&�[(×3Y ÏÇÑ�W�W}þ�åLW}é�ÏÇWS\�Z�Ô�\wW}[�ßà\wW}ÏÇW}[�×ãÒ"Ô�WS\ãYËÏË[(Z�éwßÏÇZ�[(W­]}á�ÏÇÑ�W­Ò"Ô�Õ�W}[wYÖW­×Ø]S\}W}^"Ò"Ô�Ù åL[(]}Þ�^"W}×3ï
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Figure 14:Frequency response function response for excitation at point id:
‘363R10’ (82.0 Hz).
Left: Measured, Right: The finite element model.
Upper: Real part, Lower: Imaginary part (f orce: 1+0i).ðÓÑ�W!^"]}â­W}[�é(]}[�[(W}^ÇX&ÏËÒ"]}Ô�Ú�é(]}×ØåRX&[�WS\4ÏÇ]4ÏÇÑ�W<;ÐX�YÖW<=�[(WSYÖZ�^"ÏcYxÚ�éwX/ÔÜÞ�WôYÖW}W}ÔÜÒ"ÔQÏÇÑ�WôX/[(WSX]}áSÏËÑ�W�\w[(Ò"Õ�Ò"Ô�Ù4åL]}Ò"Ô�ÏcÚ�Þ�Z�Ï�Ò"Ô�Ù�W}Ô�W}[wX/^�ÏÇÑ�W�×ãWSX�YÖZ�[(WS\�Õ�Ò"Þ�[hX&ÏËÒ"]}Ô�YÖÑ�X/åLW�X/Ù�[(W}WSYóý�Z�Ò"ÏËWâ­W}^"^�â­Ò"ÏËÑØÏÇÑ�W>&�Ô�ÒæÏËW­W}^"W}×ØW}Ô�ÏÓ×Ø]S\wW}^�[(WSYÖZ�^"ÏcYxï

Y
Z

1.16-01

  default_Deformation5 :
Max 1.16-01 @Nd 80

 MSC/PATRAN Version 7.5 14-Apr-98 11:47:44

Deform: Default, Sub case 70, Structural response,, At  Position label

Y
Z

DP: 363 R10 Measured

Excitation point

Y
Z

  default_Deformation5 :
Max 1.92-01 @Nd 80

 MSC/PATRAN Version 7.5 14-Apr-98 12:01:08

Deform: Inv1, Sub case 70, Structural response,, At  Column 70

Y
Z

DP: 363 R10 Measured

Excitation point

Y
Z

6.70-02

  default_Deformation6 :
Max 6.70-02 @Nd 108

 MSC/PATRAN Version 7.5 14-Apr-98 11:48:00

Deform: Default, Sub case 70, Structural response,, At  Position label

Y
Z

TF-measured

Excitation point

Y
Z

  default_Deformation6 :
Max 7.62-02 @Nd 80

 MSC/PATRAN Version 7.5 14-Apr-98 12:00:13

Deform: Inv1, Sub case 70, Structural response,, At  Column 70

Y
Z

TF-measured

Excitation point



_a`cb,d
egfhd6b"`cicd6d6jckhlsm�o�pnrxkwb,o�`cb"rut�vwrxd6o�d6ysz�`c|}rs~��
l

Inverse Modeling of the dynamic properties of a turbo-prop Aircraft
¥üû�¦

¨R©1ªR©1¨1?�Æ
¯LÈ
Ã¿¯w´¿À*@A2Ð¬�´!øãÆ
¯L®xÃ94�½/®
B­WSYÖåLÒæÏËWÁÏËÑ�WÁ^ÇX&[�Ù�W»\wÒ"áàáàW}[(W}Ô�é�WSY¿Ò"Ô¸×3X/ÏÇW}[(ÒÇX/^�åL[(]}åLW}[(ÏËÒæWSY!é(]}×ØåRX/[(WS\ÜÏÇ]ÁÏËÑ�W%;üX�YÖW%=[(WSYÖZ�^"ÏcY(Ú4ÏËÑ�W é(]}[�[(W}^ÇX/ÏÇÒ"]}Ôú]}Õ�W}[ ÏÇÑ�W � ��ß ¦	� � áà[�W}ý�Z�W}Ô�é(Ûê[hX&Ô�Ù�W ÒÇYÝÕ�W}[(Û YËÒ"×ØÒ"^ÇX/[ëàÎ ÒæÙ�Z�[(W ¦	� íàï
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Figure 18:Corr elation for indi vidual fr equency response function columns.ðÓÑ�W3[�WSYËZ�^"ÏËÒ"Ô�Ùñ×ÝX/ÏËW}[(ÒÇX&^­åRX/[wX/×ØW}ÏÇW}[hY X/áàÏËW}[�ÏËÑ�W �/û
� Ò"ÏËW}[wX/ÏËÒæ]}Ô¶Y X/[(W÷YË]}×ØW}â­Ñ�X/ÏYËÒ"×ØÒ"^6X/[uÏË]�ÏÇÑ�W [�WSYËZ�^"ÏcY�áà]}[T;üX�YÖW>=U=�ëàZ�YÖÒ"Ô�Ù ¦/û é�]}^æZ�×ãÔ¶YcíàÚ&X/^"ÏÇÑ�]}Z�Ù�ÑãYË]}×ØW­YËÒ"Ù�Ô�ÒV&�éwX/Ô�Ï\wÒæáàáàW}[�W}Ô�é(WSY�éwX/ÔØÞ�W­áà]}Z�Ô¶\£ë�� ¢�� �	!XW íàï
TABLE 7. Material parameters (6 driving points)
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Figure 19:Frequency response function response for excitation at id:
‘363R10’ (82.0 Hz).
Left: Measured, Right: The finite element model.
Upper: Real part, Lower: Imaginary part (f orce: 1+0i).
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Figure 21:Dri ving point receptance for point id: ‘363R10’.ù Ù�X/ÒæÔ¶Ú�ÏÇÑ�Ò6YóÒÇYQH+Z�YÖÏg]}Ô�W�W}þ�X/×ãåL^"W�Ú�Þ�Z�ÏgÒ"ÏgÙ�Ò"Õ�WSY X&Ô�Ò"×ØåL[(WSYcYÖÒ"]}Ô�]}áSÏËÑ�Waý�Z�X/^"Ò"ÏÇÛ­]}áLÏÇÑ�W×ã]S\wW}^Çï
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  default_Deformation :

Max 6.24-02 @Nd 80

 MSC/PATRAN Version 7.5 20-Apr-98 13:05:35

Deform: Default, Sub case : 1, /bm/bmmg/Inverse/Patran/Inv1_all.bin,  x,y,z displ, At  Position label

  default_Deformation :

Max 1.40-01 @Nd 80

 MSC/PATRAN Version 7.5 20-Apr-98 13:05:52

Deform: Default, Sub case : 1, /bm/bmmg/Inverse/Patran/Inv1_all.bin,  x,y,z displ, At  Position label

  default_Deformation :

Max 7.62-02 @Nd 80

 MSC/PATRAN Version 7.5 20-Apr-98 14:36:36

Deform: Default, Sub case : 1_2, /bm/bmmg/Inverse/Patran/Inv1.bin,  x,y,z displ, At  Position label

  default_Deformation :

Max 1.92-01 @Nd 80

 MSC/PATRAN Version 7.5 20-Apr-98 14:36:17

Deform: Default, Sub case : 1_2, /bm/bmmg/Inverse/Patran/Inv1.bin,  x,y,z displ, At  Position label

  default_Deformation :

Max 6.82-02 @Nd 282

 MSC/PATRAN Version 7.5 20-Apr-98 14:40:25

Deform: Default, Sub case : 1_3, /bm/bmmg/Inverse/Patran/Inv2.bin,  x,y,z displ, At  Position label

  default_Deformation :

Max 1.25-01 @Nd 80

 MSC/PATRAN Version 7.5 20-Apr-98 14:40:11

Deform: Default, Sub case : 1_3, /bm/bmmg/Inverse/Patran/Inv2.bin,  x,y,z displ, At  Position label
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Evaluation of Solution Methods
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�:Å0Æ:Å Äø\�ËhØ ÖzÑ®Ø�Î�ÈIÏ ×;Ë�É Ê,ÍAÏIº Ð é Ë�÷yÈIø�Ë�ÖkØ�ÑIÏ�Ð~ÊhÑIÌ�ø>Ë�Ø
Þ*iJe _:ehopVFYhoz]m\^XJgze YhV uwiJe û�á¢û~ÿvÛªñ |�\��EehVFopYhX
umjlYhqb�Eeho | \®j gpYhX>jlakjwuwehXJuwqbx�YhX
q�x
eh�R\^qbr>\^ukesZ¢VFYho uwiJeV�vopabcEabX _sqk\^uwVFYhop]m� , a�uwi opehgpYh]f]fehX>Z�esZ�]`eh]fYhopx«jlehukuwabXJcJj VFYho uki
e
|�\��EehVFopYhX
u*jwYhqb�Ieho�t ´ 4/40Ì á�xEuwevYhVÊH�ûXÌ \^X�ZX�±�  ´�Ú ávxIuke~Z�akjwÝªjl_ \�gze¢akjJr�jwesZ�Z�rJopabXJc
uki
e jlYhqbrJuwa�YhX`_:opYhgzesjOjp��Þ*iJe�eh{IehgprJuwabYhX`ukab]fesj*VFYhovuki
e�|�\��EehVFopYhX
u�jwYhqb�Ieho�t�r>jla�X
cª�®�F�?�
³ ó*Û�ô j>YhX`uwiJe¿�¢opabcIa�XyjlxRjlukeh]yt;\�oze�cIa��IehX`abX:�u
3f�d J �w�
�
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×®Ë:ÊhÊhÑ®Ø Ê
ü���Ø�Í ºJÍAÏ å������ �`Æ@������� �så�×@� »A� Ù � Å

,�iJehX}r>jlabXJcnYhXJe _:opYhgpesj¦jwYho`ukiJe | \.�IehV ozYhXJufjwYhqb�Eeho`aAj jlq�abcIiJuwq�xnVl\®jluwehoªuki�\^X}uki
e
Z�a�ozehgpu�§*¨�§�©��FjlYhq��Ieho�t
�;rJu�uwiJe ab]`_:ozYh�Eeh]fehXJu�|�abuwi XJr
]`�;eho[YhV _:opYhgzesjOjlYho�j�akj
jwabcIXJabîJg�\^XJuwqbx qbesjOjpt�]y\�Ý�abX
c uki
e­§*¨~§�©�� jlYhqb�Eeho \^�;YhrJu�uw|�abgpe \;j Vl\;jwu V Yho �?�
_:opYhgpesj¦jwYho�j,�pÞ*iJe�| \.�IehVFopYhXJu�jlYhqb�Eeho*i�\;j�\~jl_:ehesZ:��rJ_«VFYho>]`r
q�uwak��_:opYhgpesj¦jwYho>eh{EehgzrJuwabYhX
jwab]fabqA\^onuwY�uwiJe�gpYhX/� rJcJ\^uke�cIo�\;Z�a�ehX
u�jlYhqb�Eeho�t�\�qbuwiJYhrJcIi uwiJe�abuweho�\^ukab�Ee jlYhqb�Eehonakj
jwabcIXJabîJg�\^XJuwqbx�Vl\®jluweho~\^u�\^XJx�XJrJ]f�;eho�YhVJ_:opYhgpesj¦jwYho�j,�
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�:Å0Æ:Åú� 
 Ø Ë:ú É Ë�Ï ×^ëyÊ,÷yË:Ë�x�È®Ï ÈIÌ�ë�ÊhËsÊ
��opeh�;rJehXJgzxªjl|�eheh_ \^X>\^q�xJjwesj \�oze�gpYh]f]fYhXfa�XyjluwoprJgpuwrJo�\�q*Z�xEX>\^]fabg�j7\^X>Z¥\�gpYhr�jwuwabg�j
VFYhofakZ�ehXJuwabVFxEabXJc opesjlYhX>\^XJgpesj \^X>Zyuki
em�R\^opak\^uwa�YhX abX opesjl_:YhX>jlemYh�Eeho \ VFozeh�®r
ehXJgpx
o�\^XJcIeI� Þ*iJe V ozeh�®r
ehXJgpx�jl_ \�gza�X
cyakjfjlehq�ehgzukesZ uwY cIab�Ee jl]`YhYhuwi}gprJoz�Eesjpt ak� e®�Kt�jl]m\^qbq
�R\^opak\^ukabYhX�j abX¥opesjw_:YhX�jwe VFYho¬uw|�Y�\®ZL�,\�gzehXJu VFozeh�®r
ehXJgpx�q�abXJesjp�O�
Yho�abuweho�\^uwa��Ie ]`ehuwiJYsZ:j
uki
akj*g�\^X`�;e�r�jwesZ~uwY jlrJ_:_:qbxª\^X`abXJabuwaA\^q�jwYhqbrJuwabYhX>�8��
3f�d J �w� jliJYh|@j�\£gzYh]`_ \^opakjlYhX`YhV
jwYhqbrJuwabYhX�ukab]fesjmVFYho uwiJe uk|~Ydg�\;jlesj,t�|~a�uwi \^X>Z |~abuki
YhrJu�jlrJ_:_:qbxEabXJc \^X�abXJabukak\^q
jwYhqbrJuwabYhX>t V Yho�\�VFozeh�®r
ehXJgpx jw|�eheh_m\^X>\^qbxRjlakj,��û�X abXJuwehopesjluwa�X
c
Vl\^gpu�aAj¢uwiJe abXJgpozes\®jlesZ
jwYhqbrJuwabYhX¥ukab]fe7|�abuwi@VFozeh�®r
ehXJgpx�tz|~iJabg,i¥aAj ozehqA\^uwesZ uwY7uki
e7g,i�\^XJcEe a�X¥gpYhX>Z�abuwabYhXJabXJc~YhV
uki
e
jlxRjlukeh]�]y\^uwopab{R�


 Í ºJÉ�Ø Ëe��� �*Ñ®Ì�É�Ð ÍpÑIÏ`Ð ÍMÎ�Ë:Ê±÷fÍMÐ é Ñ®É�Ð
ÍAÏ�ÍMÐ,Í,ÈIÌ/ºJÉ Ë:ÊhÊZübÉIx�x�ËhØ � ÈIÏ Ò«É Ê,ÍMÏIº Ð é£Ë
ÊhÑ®Ì�É�Ð ÍpÑIÏnÖkØ�ÑIÎøx*Ø Ë�øJÍpÑIÉ Ê�ÖkØ�Ë:ú:É£ËhÏ£×�ë Ì�ÍAÏ Ë¥È
ÊvÍMÏ¬ÍMÐ ÍpÈIÌ�ºJÉ Ë:ÊhÊ
ü Ì6Ñ®÷mË�Ø � É Ê,ÍMÏIºf� èX\£Ô ùKÊhÅ

UWV
\v]`Yhope�gpYh]f_:rJuO\^ukabYhX>\^qbqbx£eh{E_:ehX�jwab�Ee�_:opes��gpYhX�ZhabuwabYhXJabXJc£akj�\^_:_:qba�esZ�abuJ]y\.x�\^qkjwY��;e
_:YsjOjlab�®qbe�uwY�r>jle�uki
e¥jO\^]fe�_:opes��gpYhX�ZhabuwabYhXJabXJc VFYho«\^X>\^q�xJjwakj£\^u7jleh�Eeho�\�qJVFopeh�;rJehX
gpabesj,�
Þ*iJakj:|�\;j:abX
�EesjlukabcR\^uwesZ�r�jwabXJcvabX
gpYh]f_sqbehuwe�§*¨�§�©�Vl\�gzukYhozaAÜ�\^ukabYhX¥\^u[$?��ð ÜR�FuwiJopesjliJYhqkZ
�^es� ý;¡JVFYho~uki
e VFopeh�;rJehX
gpxªo�\^XJcIe q54;�F�54/4 ð Ü.�®Þ*i
e X
rJ]f�®eho~YhV>XJYhX>�FÜ6ehopYsj�abXmuwiJe
§��
]m\^uwopab{�VFYho�uwiJakj�g�\;jwe~akj7\^�;YhrJu7� ´ ]fa�qbqbabYhXy\^X>Z�uki
e~gpYh]f_:q�ehuwe~Vl\^gpuwYhopakÜ.\^uwabYhXfg�\^Xf�;e
jwuwYhopesZfabX �5$®�¾Ì á�xEuwe®��Þ*iJe`_:opesjlehXJu�ab]f_:qbeh]`ehX
uz\^uwabYhX YhV¢uwiJe`abXJgzYh]`_:qbehuweª§>¨�§�©��
Vl\�gzukYhozakÜ.\^uwa�YhX¯g�\^X¥�;e gpYhX>jlakZ�ehopesZ�\;j¢\7îJo�jwu �Eeho�jwabYhX \^X>Z£X
Yhu Yh_:uwab]m\^qsabX¥ehVFîJgpabehX
gpx.�
Þ*iJe�gpYh]f_:rJuO\^ukabYhX uwab]`e�VFYho£uwiJe�Vl\^gpuwYhopakÜ�\�uwabYhX akj¢uwiJehozehVFYhope�q�YhX
c@�l\^�;YhrJu{  iJYhr
o�jO¡F�
ñ;abcIXJabîJg�\^XJu
opesZ�rJgzukabYhX YhV~ukiJe�jwYhqbrJuwabYhX uwa�]fesj@|�\;j�\^g,i
abeh�EesZyr>jla�X
c�abXJgzYh]`_:qbehuwe
§*¨�§�©�_:ozes��gpYhX>Z�abukabYhX
a�X
c:t,gpYh]f_ \�ozesZ�uwYvr>jlabXJcV�R\�gzYh�®aI_sozes��gpYhX>Z�abuwa�YhX
a�X
c:t,XJYhuJYhX
qbx�\^u
$?�
� 4�ð Ü¬�®r
u*abX`uwiJe¿q/4;�F�54/4�ð Ü¬VFopeh�;rJehXJgpx�o�\�X
cEe��ß��
3f�d J �À�?�.�
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Total Time: 17 h 2 min

Total Time: 14 h 50 min.
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 Í ºJÉ�Ø Ëo��� �>ÑIÌ�É�Ð ÍpÑIÏnÐ ÍMÎ�Ë:ÊvÍAÏ�ÊhË:×;ÑIÏ Ò*ÊwükÊhÑ®Ì�Í,Ò � �
p É¬ÎÙ�vË�ØªÑIÖ>ÍMÐhËhØ�ÈIÐ ÍpÑIÏ ÊiüwÒ*È
Ê,é Ë:Ò � Å2üßØpÓ�æ Ó>çfÈ®Ð��:å�� Ù � Å

Þ*iJef�R\^opak\^ukabYhX a�X uwiJeyjwYhqbrJuwabYhX uwab]fe`akj~]`Yhozem\^X a�X�Z�a�g�\�uwabYhX YhVvuwiJe`qbYs\;ZfYhX uki
e
�¢opabcIa�XyjlxRjlukeh]�uwi>\^Xy\^X`abX>Z�abg�\^uwYhovYhV�jwYhqbrJuwabYhX`uwab]fe��R\^opak\^uwa�YhXf|�abuwi`VFozeh�®r
ehXJgpx�t;\®j
g�\^Xª�;e jlehehXªYhX`uwiJe�XJr
]`�;ehovYhVRabukeho�\�uwabYhX>j*opeh�;rJabopesZ�VFYhovgpYhXJ�IehopcEehX
gpe®��ð�Yh|~eh�Eeho6tI\
jwqbabcEi
uªabXJgpozes\®jle�abX�jlYhq�r
ukabYhX uwab]`e �l\�X�Z opeh�;r
a�ozesZ XJr
]`�;eho YhV�abuweho�\^ukabYhX�jO¡£|�abuki
abXJgpopes\;jlabXJc�VFopeh�;rJehXJgzx akj>XJYhuwabgpes\^�;q�e®�
�JYho \�VFopeh�;rJehXJgzx jw|~eheh_fVFozYh] q54 uwYf� ´ 4�ð Ü��F|�abuwi

∆
V>ÂJ�;� 4^ð Ü.¡�opr
X abX \ YhX
e ³ ó*Û

ehXJ�Ia�ozYhXJ]fehXJuOt¦uwiJe�uO\��;qbe£�;ehqbYh| ü ß;�{ô�â � 9hþ�jliJYh|
j�uwiJe�ukYhuO\^q:eh{EehgzrJuwabYhX¯uwab]`esjpt.uki
e
]`eh]fYhopx£ozeh�®r
abopeh]`ehX
uzj¬\�X�Z�uwiJe~Z�akjlÝ ozeh�®r
abopeh]`ehX
uzj±VFYho�uwiJe�jwYhqbrJuwabYhX \^q�uwehopX�\�uwab�Eesj
Z�aAjlgpr�jOjlesZ~abX`uwiJakj>_ \^_:eho��

UWu�jliJYhrJqkZ:t6i
Yh|�eh�Eeho6t6�;e�X
YhukesZvuwi>\^u�uwiJakjRakjRVFYho�\£jla�X
cEqbe¢eh{Egza�uO\^ukabYhX�gzYhX>Z�abukabYhX>t |�iJabgpi
akj Vl\.�IYho�\^�®qbedVFYho uki
e}gzYhXÊ�MrJcR\^uwe}cIo�\;Z�abehXJu ]fehuki
YsZ:�@�¢X uwiJedYhuki
eho i>\^X>Z:t£uki
e
ab]`_:qbeh]fehXJuO\�uwabYhX
YhV;§*¨~§�©
\^X>Z7|�\.�IehVFopYhXJu±]`ehuwiJYsZ:j±akj±]fYhope�Yh_:uwa�]fakÜ6esZ«\^X>Z7ukr
XJesZ
uki�\^X�uki
e�a�]f_:qbeh]`ehX
uz\^uwabYhX�YhV@uki
e�gpYhXÊ�MrJcR\^uwe�cEo�\;Z�abehXJu�]`ehuwiJYsZ \^X>Z�uki
e�_:opes�
gpYhX>Z�abuwabYhXJeho�jp�

TABLE 1. Frequency sweep solution time comparison for a one CPU Octane.

Method Total time Memory Req. Disk-space

Conjugate Gradient
(Jacobi pre-cond.)

qrqts qruwv Ìyx{z}|�~ �

Conjugate Gradient
(Incomplete. LDLT)

��� s
������� |�������� � |��������w� s�� � vwvt� x{z}|�~ �r�r� � x{z}|�~

��������� � ����� |����@  �

Dir ect LDLT
� � s ¡£¢¤u¦¥ x§z¨|�~ �

Wavefront
� ¡¦s urvwvt� x{z}|�~ ¡£¢ � u©¥ x§z¨|�~
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��  ��ý  ��q�}~���z ý ��ù�; � ��ÿ ~�� ��ý ü � |�� ��� � � | s ~r��~�� � ��� þö� � � ~ ü� �� ��� þ ü ý |��A� ý ~q����� � ~    ����� ýÝ� | � ��� þ  ��� �~��}��ÿ@~��ã| ý z �ã��|�� �£|�~�� ~  �|������ ¢
î�ïñð�ïñð fú¬�«óÀ · « »÷¿}¯ô°r¬ · À�¹)'ô¬ ( ¿}Á�¬�À�« · ¯�¹ú¼ ·w¸ Á�¬@«
ø s ~ ù � �¨~ � �����£|õ �� ý �¨~��ôù �   �£��| ü� �~ ÿ � ���ô| s �Ý �~�: ��þ � ý ~  �� � � ~ ��| ��  ý �AB ~ ý z©|��   s ��ù�¨~�� z  �� þ � ý�� �@��������~�� |���~  �|��ú| s ~©ÿ@����~ � | ���ú� �  �� ý �¨~�� � ���{| s �� Õ  þy��ý�ý  �zë �|�~ þ ¢
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  default_Deformation :
Max 1.25-01 @Nd 80
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î�ïñð�ïxw fú¬�«óÀ · « »÷¿}¯ô°r¬ · À�¹)'ô¬�° · ¯�yò®�Â�¿w¹�¬�Âã« ¿ã½ëºÊ¬@¯�¹�¼ ·}¸ Á�¬@«
tã���{| s ~ � ���Xzåü�� � |�~R�¨� � ÿ@��~��ã| þ ~�| s � ÿú| s �� ���� � �wý ~ þ ��  þ ����~ú� ���t� s ��ý�ý ~����}~¦ÿ@üã~ú|��
| s ~{������� � ����ÿ@��|������ã�����¦� � | s ~e �zë �|�~ þ þö� |�� �A: ¢v| ��| s~} ��� � � ����� ~ � � ����ÿ@��|�� ���£� ���¦| s ~
� ���Xzåü�� � |�~=�¨� � ÿ@��~��ã| þ ~�| s � ÿ ÿ@�ÝÿÕ�ã��| � �����}~����¨~ ¢ ø s �Ý  �Ý  �@� ü� �~ ÿ � zt| s ~ � � | s ~��l� �����
� ����ÿ@��|������ã����� � � | s �� ¦ �zë �|�~ þ ¢S� �¨~�� � ��� � ��~�<rüã~�� � ��~   � ~ ý ��ù | s ~ �ã�@ �|õ��~  ���� � � � ~�;
ù s ~�� | s ~  �zë �|�~ þ �� ����  ���|��A�¨~ ÿ@~��ã�ã��|�~�;Å| s ~ } ��� � � �V� � ~ � � ����ÿ@��|�� ���£~ ÿ � ���Xzåü�� � |�~�¨� � ÿ@��~��ã| þ ~�| s � ÿÜÿ@��ÿ��ã��| � �����}~����¨~ ¢
tã���§��� � � þ � ý ~�|�~ ���ú� � � ����� |�������� � |������l; � �����¨~����}~�� � ~�ù �   ��� s ��~��}~ ÿ � ��� � | s ��~   s � ý ÿ
ý ~��¨~ ý � �ã� �+������:}� þö� |�~ ý z � v � q ��� ý ��ùú~�� ¢ ø�z���� �@��ý ��~�� � ��� þy� � � ~ � ���Å| s ��  �@�  �~��� ��¨�A�¨~��
��� | s ~�| ���rý ~ � ~ ý ��ù ¢

tã���  ������ ý ~ ���A� s |ç� s � ��ÿõ ���ÿ�~  �;�� ¢ ~ ¢ ���ã~�~�: � ��| � |�� ��� � ����ÿ@��|������l;�| s ~ôÿ@����~ � | ����� �  �� ý �¨~��
��   �ü �  �| � �£|�� ��ý�ý z þ ����~ ~ � � � ��~��ã| | s � � | s ~�� � ~ � � ����ÿ@��|�� ���£~ ÿ � ���Xzåü�� � |�~��¨� � ÿ@��~��ã|
þ ~�| s � ÿ � ��� | s �� ������ �rý ~ þ ¢�o �ã~ ~�:X� ý�� � � |�� ��� � ��� | s ��  �Ý  | s ~ þ ����~ ����|�� þy��ý
 �|���ü � |�üã��~ ��� s ��~��¨~ ÿ � zú| s ~=s � ���ú� ø � ����ü£|����£~ � ��� þ ���ã� þ �Ý�Ô�����ú| s ~ �£ü þ�� ~���� � �ã�����
�Ô~����  Ü� � | s ~ ���ú� � � ����� |���� ��� � |�� ��� � � þ � � ��~ ÿö|��y| s ~ö�����A�¨��� ��ýtþö� |�� ��:  �|���ü � |�üã� ~
ù s � � s �� ��£��|�����|�� þö��ý ��� | s �� ���~  ?��~ � | ¢ ø s ~������A�¨��� ��ý ���@ÿ@~�� � ��� � � | s ~ þy� |����A: ����ù© 
� ��ÿ � � ý ü þ �� �ù �   þö� ÿ@~ú����s 8 ø�� 8�� ü� �� ����� o ��|�� þ ���Ô~ � ùú��| s | s ~���� |������� _ üã| s � ý�ý � � ��� ~�~=��� � � | � �}~ � � ���ã| � ; ù s � ý ~ | s ~�s � ���ú� ø~����~ ������� � ~  ç �����ù �    �~�| |��
ü� �~Y� þ ü ý |���� ý ~��¨~ ý �ã~  �|�~ ÿeÿ@�� ç �~ � |������f���@ÿ@~�������� � � � ¡ ! ¢ ø s ~��ãü þ�� ~�� � � �ã�������Ô~����   � ���
� � ����� � ����� |���� ��� � |�� ��� � � | s ~t�����A�¨��� ��ý�þy� |����A:o�Ý  þ ����~t| s � � � þ � ý ý �����l;Ìù s � ý ~t| s ~s � ����� ø � ����üã|����ã~§��~������ |   | s � |�z ü� �| ��� ���}~ ¡ þ � ý ý �����¦�ã������� ~�� �   � ��~§��~�<rüã����~ ÿ ��� |�~��
| s ~�s � ����� ø ���ã|�~���� ��ý ��~����@ÿ@~�� � ��� ¢ _ ~���| � ��� ý z �¦þ ����~©~ � � � ��~��£|§� þ � ý ~ þ ~��£| � |�� ���
� � | s ~ú��� � � þ � ý ~�|�~ ����� |�������� � |������ � |ç �~ ý �£�@� � ��ý  �� � ~ þö� ÿ@~ ¢
tã��� | s ~ ��� ��ü� �|�� � |�~  �| ~�: ��þ � ý ~ ��| ù �   � ��ü£��ÿ | s � | � ����~ � � ����ÿ���|������ã����� þö� |����A:
~�:¨|�� ��� |�~ ÿ � |����£~ � � ~�<wü£~�� � z � ��ü ý ÿ � ~ ü� �~ ÿ¦��� � � � | s ~�� � � � � ÿ � ��~�<rüã~�� � z���~��}� ���
� ����üã��ÿ¦| s � | � ��~�<rüã~�� � z ¢ ø s ~   ��þ ~ ù �  {|�����~ ÿ � ���õ| s ~  �|���ü � |�üã� ��ý þ � ÿ@~ ý � ��ÿ¦| s ~
��~  �ü ý |   � ��~Ü  s ��ùú� � � 

���������YO[Oú� �£~�:¨|�� � �¨~ ��¢
ø s �� �~�: ��þ � ý ~�  s ��ù© �| s � |�| s ~{����~ � � ����ÿ@��|������ã~ ÿ � ���Xzåü�� � |�~{�¨� � ÿ@��~��ã| þ ~�| s � ÿ � � �� ~úü� �~ ÿ�|��© �� ý �¨~Ü �|���ü � |�ü£� ��ý ÿ@z¨� ��þ � �  l����� �rý ~ þ   ¢ ø s ~ ��� |�ü ��ý þ � ÿ@~ ý �� �|����©  þy��ý�ý
|�� � ��| s ~��  �~ � � � s ����� � ��� ��ý |�~���� � |��A�¨~   |��o| s ~eÿ@����~ � |õ �� ý ü£|������ þ ~�| s � ÿ�  ¢vU ��ù�~��¨~��T;
| s �� �  þö��ý�ý¨þ � ÿ@~ ý ù �  ��¨~�� zôü� �~ � ü ý¨� ���
�£��ÿ@�����õ| s ~{��~�<rüã����~ ÿ=����~ � � ����ÿ@��|������ã����� � ��ÿ
� ��� | s ~ � ��~�<rüã~�� � zf �ù�~�~�� � � ��ý zã ���  ü� ������ ���ã~o� � � � þ � ý ~�|�~ ���ú� � � ����� |�������� � |������ �  ����~ � � ����ÿ���|������ã����� ���¨~��§| s ~ � � ~�<wü£~�� � z � � ��ÿ ¢

TABLE 2. Execution times using a one CPU Octane work-station

ILDL T

thr eshold
Time for
ILDL T

Iterations for
convergence

 Iteration
time

1e-3 � q  �~ � � vrv �r�¦ �~ �

1e-4
� v �¦ �~ � ¡ v �  �~ �

1e-5
���r�  �~ � � v q  �~ �
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ª ºÝÂã®�«�¬`,+,+$b0¦® »-�{¬@« · À�ºå¹�¬�« ¿}¹òº · ¯ô¼{« ¬�­�® ºå«�¬�½ À · «e° · ¯ Á�¬@« Â�¬@¯ô°r¬o®ô¼Êºå¯�Â
ºÝ¯ô° · »�2 ¸ ¬@¹�¬{h�j9hlk�4 Àç¿ã°�¹ · «óºÊ´¨¿w¹òº · ¯ ( ºå¹)' ½ëºÝÀ�Àç¬@«�¬@¯�¹{¹)'�«�¬�¼	' ·w¸ ½�¼
¿w¹ic ð ³û´ ² ®52�2 ¬@« µ�¿}¯ô½-,+, * ³ ´ ² ¸Ô·X( ¬@«�µ�¿£¼@2�«�¬+4�° · ¯ô½ëºÝ¹òº · ¯�ºå¯�Â ï
¾ ÀÕ° · ¯�Á�¬@«óÂ�¬@¯ô°r¬�ºÊ¼§¯ · ¹�¿ã°�'�º�¬�Á�¬�½y¿}À�¹�¬@« , *+*+* ºå¹�¬@« ¿}¹òº · ¯ô¼{¹)'õ¬
¼ ·w¸ ®�¹òº · ¯ ½ëºåÁ�¬@«óÂ�¬�¼ ï
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î�ïxw ¶ ¹ò«ó®ô°�¹Ê®�«�¿ ¸ ½ë±ã¯õ¿}»öº�°r¼�¿}¯õ¿ ¸ ±�¼Êº�¼�² ¸ ¿w« Â�¬�» · ½�¬ ¸ µ
8  �~ � ����ÿ� �|�� ü � |�üã� ��ýëþ � ÿ@~ ý ; þ ����~���~ ý ~�� � �£|���� |�~�� þ  �� � �ãü þ�� ~��§� � ~ ý ~ þ ~��ã|ç  � ����¨� � � � |������ � � ��ý zã �~   � � � � � � � � � ��� | �@��� � �  �|�� ü � |�üã��~ ��
]���l�X���{O���� ; ù �   ü� �~ ÿA|��
� üã��| s ~��§~�� ��ý ü � |�~ú| s ~R��~�� � ��� þy� � � ~ú� � | s ~�| s ��~�~© �� ý �¨~��   ¢

ª ºÝÂã®�«�¬`, ð $�&�'ô¬ ¸ ¿}« Â�¬�¼Ê¹ò« ®õ°�¹ò® «�¿ ¸ » · ½�¬ ¸p( ºÝ¹)'�,+��. /+/ ¬ ¸ ¬@» ¬@¯�¹�¼� 
ð . ð1*+* 0 · ½�¬�¼�² î .�� *+* ° · »�2 ¸ ¬v3l4 Á�¿ ¸ ®ô¬�½ö½ · À¡6¤¼�µ

n | �@� � � ~ � ���}üã~ ÿô| s � | ~��}~�� ý�� �F�¨~�� þ � ÿ@~ ý   � ��~Õ��~�<rü£� � ~ ÿ � ��� � � ��ý zã ��� �� � � � þ � ý ~�|�~
� � � � � ��� |� �|���ü � |�üã��~   � ��ÿ©� � � � ��ý zë �~   ���û| s ~ þ ��ÿ�� � ��~�<rüã~�� � z � � ���¨~ � � ~¦��~�<rüã����~ ÿ ¢8   � � � � ~Ü �~�~�� � z | s ~���~  �ü ý |ç �� �f| s ~ � � ý�ý ��ùú�����  �~ � |������ | s ��  þ � ÿ@~ ý  ����Ô~���  � z �£�
þ ~ � �� �| s ~�ü��+��~�� ý � þ ��| � ���{| s ~ þ ~�| s � ÿ� �~�� ��ý ü � |�~ ÿ�ü� ������ | s ~ o ���A�¨��� ¡£vrvrvw¢
ø s ~ þ � ÿ�~ ý ; ù���| s ��|ç  � u � vrv � � þ � ý ~�:ë��� ��ý ü£~ ÿ�� � ��� ���rý ~  	;ç�Ý  � ���� ���ÿ@~���~ ÿÕ|�� � ~ ýÝ� ���}~~��ã��ü�� s |�� � ~ ��~�����~  �~��ã| � |��A�}~ � ���~��� ��� |�� �@��ý  ���|�ü � |������� �; � üã|��£��|Ü|���� ý�� ���¨~ � ���
~ � � � ��~��ã|�~�� ��ý ü � |������ � �  �� ý ü£|������ þ ~�| s � ÿ�  ¢



Mats Gustavsson. LicentiateThesis, Paper C.

Ç�ÈÊÉÌËÎÍ ÉÌÏÑÐÎÒÔÓ Ò×ÖçØrÒÔËÎÍ@ÏÑÐ¤ÒÔÓrÚÜÛåÏÙÞ@ÒÔß@àÔÖ�ÒÔáÔâ£ÐÎÓ@Ð¤ÏÑÛÔÇ�ËÎÛÝäÕÛåÓ@Ï æèÓ@É�Ëêé�àÝÛåà�Ò×Öçì}Ð¤íçáÝÉÌÏÑÐ¤ÒÔÓ@à�ÉÌÓ@ßræ]\ÝÒÔÍ@àåÏÙÐ^\åà _ ¡ >

î�ïxw�ï ,gfú¬�«óÀ · « »÷¿}¯ô°r¬ · À�¹)'ô¬�½ëºÝ«�¬�°�¹ih�j9hlkf¼ ·}¸ Á�¬@«
8 |���| ��ý � � � vrv©� x§z}|�~�� ��þ ~ þ ��� z �Ý ô� ~�<wü£����~ ÿ � ���e �� ý �}� ��� | s �Ý  þ � ÿ@~ ý ù�� | s | s ~s � ����� ø � ��üã|�� �£~   ¢ ø s �� Å�� Åùú~ ý�ý+� ~ ý ��ù | s ~ þö� :}� þ ü þ ¡ ¥ � z¨|�~ þ ~ þ ����z �@� � ��� ��|�z
� � | s ~ o � | � �£~ s � �@ÿ@ù � ��~�; � üã| þ ����~§| s � �9����~  �~��ã| ý z � � � � ý����wý ~§���¦| s ~ o � | � �ã~§ü� �~ ÿ
� ���Õ| s ��  ~�� ��ý ü � |������ ¢ _ ���� �~�<rüã~��ã| ý z¢; ��� ý z¦| s ~ o � �A�¨���~� ý�� | � ��� þ ù �   ü� �~ ÿ � ���Õ| s �� 
þ � ÿ@~ ý ¢
ø s ~�|���| ��ý  �� ý üã|������ |�� þ ~   � ��� � ; ¡ ; � � ��ÿ � � � � � ~    ����@  � ��~Y�¨�A�¨~�� � z 

�£�l�X���{O�¤ ¢

ª ºÝÂã®�«�¬`, w $ ¶�·}¸ ®�¹òº · ¯ ¹òºå»÷¬�¼{À · «�f ¶ h�j9h�& ®õ¼Êºå¯�Â�,+4�c�2�« · °w¬�¼�¼ · «�¼¥ «óºåÂãºÝ¯ ð+*+*+* a�, *�*+*+*`¦rð . *�§ ³û´ ï
8 � ��üã| ¡ v  �~ � ����ÿ�  ù �  t ?��~��ã| ��������~ ����� � � ~  ç ������ ��þö� |�� ��:©� ~ � ���@ÿ@~�������� � ; ù s � � s �� 
����ÿ@~���~���ÿ@~��ã|è� � | s ~t�ãü þ�� ~�� � � ����� � ~  ç ����@ Åü� �~ ÿ ¢ ø s ~ þy� zå������|�zo� � | s ~õ� ~ þy� ���ã�����
|���| ��ý  �� ý ü£|�������|�� þ ~Õù �  � ?��~��ã| ��� ����� |���� �Ý� � |������5; ù s � ý ~ô| s ~Õ|�� þ ~ � ����| s ~ �£��� B � ��ÿ
� ����ù � �@ÿ� �ü �  �|���|�üã|������ ù �  ��ã~�� ý ���}� �wý ~�� � � � þ � � ���� ���� ¢
ø s ~=��~�� � ��� þy� � � ~o  � ��ý �����úùú��| s �ãü þ�� ~���� � � � � � ~  ç ����@  ��   �� þ � ý�� � ý zt� þ ����~    ��A�¨~ �  
� ���{| s ~ ��� ��ü� �|�� �§þ � ÿ@~ ý ¢
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8   � ���¦| s ~y  þy��ý�ý ~��  �|���ü � |�ü£� ��ý þ � ÿ@~ ý | s ~ � ���Xzåü�� � |�~��}� � ÿ@��~��ã| þ ~�| s � ÿöÿ@�Ýÿf�ã��|
� �����}~����}~�ù s ~��fü� ������ } ��� � � ������~ � � ����ÿ@��|������ã�����+;�ÿ@üã~o|��o| s ~{������� � ����ÿ@��|�� ���£�����¦� �
| s ~  �zã �|�~ þ ¢ÓÒ  �� ��� ��� � � þ � ý ~�|�~ ���ú� � ����� |�������� � |������ �  Ô� � ~ � � ����ÿ@��|�� ���£�����+;
� �����}~����}~�� � ~fù �   ���	Õ ��~��}~ ÿfù Õ ~�� � ÿ@�����+������� | Õ ��~   Õ � ý ÿ � � � ~ � � ��� ý ��ùú~��©ù �  
ü� �~ ÿ ¢
ø Õ ~����@ÿ@~��������Õ� � | Õ ~ þö� |����A:Õ����ùÜ  � ��ÿ � � ý ü þ ��  þy� ÿ@~����qs 8 ø�� 8�� �Ý �; ��ý  �� � ���è| Õ �� 
þ � ÿ@~ ý ; ��� � � ��� þ ����|�� þy��ý ; � � þ � � ��~ ÿ ù���| Õ | Õ ~ ���@ÿ@~�� � ��� ����Õ ��~��¨~ ÿ ù�� | Õ | Õ ~s � ����� ø~����~ ������� � ~  ç ���� ¢ tã��� ~�: ��þ � ý ~�;ç| Õ ~Õ�ãü þ�� ~�� � � �ã������� ~�� �   ����| Õ ~ � � þö� |����A:
� ���¦| Õ ~ ��� � � þ � ý ~�|�~ ���ú� � � ����� |�������� � |������ ù�� | Õ�� ÿ@����� | Õ � ~   Õ � ý ÿf� � � ~ �JÖ ��  þ ��� ~
| Õ�� � �[× � þ � ý�ý �����l; � � þ � � � ~ ÿ�|�� ��� ��üã| � � þ � ý�ý ����� � ���{| Õ ~ � ü ý ý ����� |�������� � |������ ��� |�~��
| Õ ~=s � ����� ø�����~ ����� � � ~  ç ������ ¢ � ��| ��� ý zt| Õ ~=����~ � � ����ÿ���|������ã����� ����� |�������� � |������©��|  �~ ý�� ;� üã| ��ý  ��ô| Õ ~ô��|�~�� � |�������  þö� ÿ@~ � ��� | Õ ~�����~ � � ����ÿ@��|������ã~ ÿ  �zë �|�~ þ ;ç��  Õ ��� Õãý z ����� ~ � |�~ ÿ� zt| Õ ~ �ãü þ�� ~���� � �ã����� �Ô~����   ���©| Õ ~ ����� |���� þy� |����A:eØ ¢ ø Õ ��  �� p� � � |�� � ü ýÝ� � ý zú~��¨��ÿ@~��ã|
ù Õ ~��y| Õ ~f �zë �|�~ þ   � ��~ ý�� ���¨~ � ��ÿ©ü� �~ ýÝ� ���}~ ��þ ��ü£�ã|ç  � ��þ ~ þ ����z ¢ t£���ú~�: ��þ � ý ~
| Õ ~Õü� �~ ÿ o � n ¥Rn � ¡ ×[×[×  �zë �|�~ þ ü� �~ ÿ Õ ~���~Õ��  ~�<rüã�A�+��~ ÿÕù�� | Õ Ö � ¡�� x§z}|�~Õ���Ü~ ���	Õ_ s Ò � � � � ÿ � ��ÿú� �ëþ ����~ þ ~ þ ��� zo�� Å� ~�<wü£����~ ÿ � ÿ�ÿ@��|�� ��� ��ý �ñ���¨~�� Õ ~ � ÿ � |�� þ ~t�� § ?��~��ã|
ù Õ ~�� ����� ~  ç ������ þ ~ þ ��� z ��� � ÿ@� ��� ~���~��ã| _ s Ò � � � � �@ÿ ¢ ø Õ ~{����~  �~��ã|�� þ � ý ~ þ ~��ã| � �
|������ � � | Õ ~{��� ~ � ����ÿ@��|�� ���£~ ÿ � ����z ü�� � |�~#�}� � ÿ���~��£| þ ~�| Õ � ÿ ü� �~ ��� ��üã|eÙ ¢ Ö ¥ x§z¨|�~o� �
þ ~ þ ����z � ����| Õ �� Ú��� � �wý ~ þ ¢ ø Õ ��  þ ~ � ��  | Õ�� | � | ý ~ �  �| � _ s Ò � � � � � ÿ   � ��~ �����}� ý �}~ ÿ
��� | Õ ~Y����� � ~    �� �  �ü��+� ý z}����� ÿ � | �t� ���§| Õ ~ú��|�~�� � |��A�¨~Ü �� ý �}~�� ¢
ø Õ ~ ��� ���}~ ��~ þö� �FBÅ �  Õ ��ü ý ÿ � ~mB ~���| � � þ ����ÿ�ù Õ ~�� ~�: ��þ ���ã��������Û�ÜVÝ�Ø�Þ ¤ ! ;ß�¨�A�¨�����
 �� þ ~l� � ����~���|�� ~  �� � | Õ ~ � ���Xzåü�� � |�~l�¨� � ÿ@��~��ã|  �� ý �¨~�� � ���£| Õ ~ ý�� �F�¨~Õ �|���ü � |�üã� ��ý�þ � ÿ@~ ý ¢

_ � þ � � ��~ ÿ©|��  �� ý �¨����� | Õ �Ý �� � � �wý ~ þ ùú��| Õ | Õ ~�s � ����� ø � ü£� � |������� �;w| Õ ~¦��|�~�� � |��A�}~
þ ~�| Õ � ÿ��� ��ã��| �t� � þ ��~�|���|��A�}~ ��ý |�~���� � |��A�¨~ ¢[n � ��� ÿ@~��§|�� þy� | �	Õ | Õ ~� �� ý üã|������ |�� þ ~  
� ���§| Õ ~Ys � ���ú� ø  �� ý �¨~��T;�| Õ ~Y����~ � � ����ÿ���|������ã~ ÿ � ���Xzåü�� � |�~Y�}� � ÿ@� ~��£| þ ~�| Õ � ÿ��ã~�~ ÿ� 
�¦þ ��� ~©~ � � � ��~��ã| ��� � � þ � ý ~�|�~ ���ú� � ��� ~ � � ����ÿ@��|������£~���� þ � ý ~ þ ~��ã| � |������ ¢ s���� � ��ýA� z
| Õ ~ � ~  �| ù � zú|����¨~�| � þ ��� ~ ~ � � � ��~��ã| � � � � þ � ý ~�|�~ ����� |�������� � |������Ü����üã|����ã~Õ��  |��  �| � ��|
ùú��| Õ | Õ ~ � � þ � ý ~�|�~ ���ú� � ����� |�������� � |������ ��� | Õ ~�s � ���ú� ø ý � � � � ��z � ��ÿ þö� B ~�| Õ ~
�ã~ � ~     � � z þ � ÿ@�A� � � |�������  ¢ _ ~���| � ��� ý z�| Õ ~ ��� � � þ � ý ~�|�~ ����� |�������� � |������ ��  �  �� þ � ý �����
�@� |������ � � | Õ ~ � � þ � ý ~�|�~ ����� |���� �Ý� � |�� ��� � ��ÿf  Õ ��ü ý ÿ � ~q���  ç �� �rý ~ |��r��~�� � ��� þ ���  �|�~��
| Õ�� � � � þ � ý ~�|�~ ����� |�������� � |������ ¢
� � þ � ýÝ� ��|��õ| Õ ~ � � ��ý zã ��� Å� � | Õ ~ ��� ��ü� �|�� ��þ � ÿ@~ ý ; �õ� ��~�<rüã~�� � ze �ùú~�~�� � � ��ý zã ��� Åù �  ��~�� � ��� þ ~ ÿ ü� �������| Õ ~ ��� � � þ � ý ~�|�~ ����� � ����� |�������� � |������ � |{���ã~ � ��~�<rüã~�� � z �  �� � ~ �
� ����ÿ@��|������ã����� � ��� | Õ ~õù Õ � ý ~ � ��~�<rüã~�� � z � � ��ÿ ¢ ø Õ ~ � � ��ý zë ��Ý  � ��~�<rüã~�� � z�� � ���¨~õù �  
� × |�� � Ö × U � � ��ÿ � �û� � � � þ � ý ~�|�~ ���ú� � � ����� |�������� � |������ � | � ¡�U �ôùú��| Õ | Õ ��~   Õ � ý ÿ

TABLE 3.  Approximate execution times and number of iterations required for convergence
(out of balance force 1e-6 of applied force) for large structural model on the
ORIGIN 2000 system using one CPU.
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� ~ ��Ö � ��ÿ � ~ � � ù �  Åü� �~ ÿ ¢ ø Õ ~õ�£ü þ�� ~���� � � |�~�� � |������� è� ~�<wü£����~ ÿ � ��� � �����¨~����}~�� � ~ � |~ ���	Õ � ��~�<rüã~�� � z � ��ÿ � ����| Õ ~�|�ù�� ý ~��¨~ ý  ô� ������� |�������� � |������ | Õ ��~   Õ � ý ÿ���    Õ ��ùú� � �

�����X�F�YO�à ¢

ª ºÝÂã®�«�¬`, / $ ª�«�¬�­�®ô¬@¯ô°�± ¼ ( ¬�¬v2ö®ô¼Êºå¯�Âác ð ³û´e2�«�¬+4�° · ¯ô½ëºå¹Êº · ¯ ºå¯�Â ï
8 | � Ö × U �Å| Õ ~  �� ý üã|������ ÿ@�Ýÿõ�ã��| � �����}~����¨~ � ��� | Õ ~ þy� :¨� þ ü þ  â��~ � �A�ã~ ÿõ�ãü þ�� ~�� � �
��|�~�� � |�������  � �[×�×[× ��¢ tã����| Õ ~�����~  �~��ã| þ � ÿ�~ ý � | ��  �Êý ~ � ��| Õ�� | | Õ ~ ý ��ù�~���| Õ � ~   Õ � ý ÿ � ���
| Õ ~ ��� � � þ � ý ~�|�~ ����� |�������� � |������ ��~  �ü ý |ç  ��� ���  �|�~�� � �����¨~��F�¨~�� � ~ ¢ ø Õ ~ � ��� � ~���|e� �
ü� �� ��� �f����� |�������� � |������ � ��� � ÿ@� ��� ~���~��ã| � � ~�<wü£~�� � zy| Õ�� � | Õ ~ � � ��ý zë ��Ý  � � ~�<wü£~�� � z
ùú����B�  �   ý ����� �   | Õ ~ |�ùú� � ��~�<rüã~�� � ��~   � ��~ ��~ �  ���� ���rý z ��ý �  �~ ¢?U ��ùú~��}~��T; þ ����~ ùú���FBÕ��  �|�� � ~Üÿ@���ã~���� ~ � � � � ~��£|�� þ � ý ~ þ ~��ã| � |�� ��� � � | Õ ~ ��ý �}������| Õãþ  �|�� � � þ ��~�|�~�ùú��| Õ
| Õ ~Rs � ���ú� ø ÿ@� � ~ � |  �� ý �}~��{��� |�~�� þ  �� �  �� ý üã|������ö â��~�~ ÿ � ��ÿ þ ~ þ ����z ü�  � �¨~ ¢
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| Õ ~�� ü� ������õ���ã~ � ��ÿ§|�ùú�@����� � ~  ç ����@ £| Õ ~{ù � �¨~ � � ���ã|� �� ý �}~��
�}���}~   ��� ��ü£|ã| Õ ~�  ��þ ~
 �� ý üã|������¦|�� þ ~   �  £| Õ ~�ÿ@����~ � | ����� �  �� ý �¨~�� ¢ � � þ � ý�� ��|�� | Õ ~§� ~  �ü ý |ç  � ����| Õ ~ ��� ��ü� �|�� �
þ � ÿ@~ ý ; | Õ ~ôù � �¨~ � �����£|  �� ý �¨~��tÿ@�Ýÿõ�£��| � ~��£~��ã| �   þ ü ��Õ �  è| Õ ~ ÿ@����~ � | ����� �  �� ý �¨~��
ü� �� ��� þ ����~������ � ~  ç ����@  ¢ tã��� ~�: ��þ � ý ~�;�| Õ ~÷ �� ý üã|������ |�� þ ~   � ��� | Õ ~ ù � �¨~ � � ���ã|
 �� ý �}~��Aü� ������ � � ��ÿ � ����� � ~    ����   ù�~���~ ¡ � � � ��ÿ ¡ Ù �  �~ � ����ÿ�  ��~  ?��~ � |��A�¨~ ý z¢;
� � þ � � � ~ ÿ�|�� ��� ¡ � ��ÿ > �  �~ � ����ÿ�  � ���§| Õ ~©ÿ@����~ � | ���ú� �  �� ý �¨~�� ¢
o �ã~ � ÿv� � �£| � �}~Õ� � | Õ ~Õù � �}~ � � ���ã|  �� ý �}~����� �| Õ ~ ý ��ù þ ~ þ ����z���~�<rüã����~ þ ~��ã| ����� ��üã|
�r� Ö � x§z¨|�~ ��¢�o �û| Õ ~¦��| Õ ~�� Õ�� ��ÿ � ¥ x§z¨|�~ � � ÿ@�� âB  ?� ��� ~ �� §� ~�<wü£����~ ÿ � ���© �� ý �¨�����
| Õ �� l� � � �wý ~ þ ù�� | Õ | Õ ~úù � �¨~ � �����£|  �� ý �}~�� ¢
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ã ä å æ ç è é ê ë å æ ê
ì í î ï î ð î ñ ò ó ô õ ô ö ÷ ï ô ð ø ò ó ô õ ù î ò í ô ú ö ô û ü õ ó ò î î ð î ù î õ ò ÷ õ ÷ ð ý ï ó ï ô ö
þ ó ÿ û ÷ ò ó ô õ ï ÷ õ ú ÷ ñ ô ø ï ò ó ñ ï õ ô ò ô õ ð ý ú î ò î û ù ó õ î ò í î ÷ õ ÷ ð ý ï ó ï ò ó ù î � ÿ ø ò ÷ ð ï ô
� í î ò í î û ò í î � û ô ÿ ð î ù ó ï î þ î õ � ô ï ï ó ÿ ð î ò ô ï ô ð þ î ó õ ÷ � ÷ û ò ó ñ ø ð ÷ û ñ ô ù � ø ò î ûî õ þ ó û ô õ ù î õ ò �
8 � � � ý � � ý ~ þ ~ þ � � z � � ÿ ÿ �   B   � � � ~ þ � z � ~   | � � � | | Õ ~ ü   ~ � | � � � � � | � � ü ý � �   � ý ü | � � �
þ ~ | Õ � ÿ � � | Õ ~ ü   ~ � � �   þ � ý ý ~ � þ � ÿ ~ ý ; � � | ~ � þ   � � � � � � � � ý ~   ; | Õ � � ÿ ~   � � � � ý ~ � � �
� � � ü � � | ~ � � � ý z   �   � ~   ü ý |   ¢
ø Õ ~ � � ~   ~ � |   | ü ÿ z   Õ � ù   | Õ ~ � �     � � � ý � | z � � ü   � � � | Õ ~ � � � z ü � � | ~ � � � ÿ � ~ � |
� | ~ � � | � � ~ þ ~ | Õ � ÿ � � � � � ÿ ~ � � � | ~   z   | ~ þ   � ~   ü ý | � � � � � � þ � � � | ~ ~ ý ~ þ ~ � |
� � � þ ü ý � | � � � � �   | � ü � | ü � � ý ÿ z � � þ � �   � � ÿ � � � ü   | � � � � � � ý ~ þ   ¢ 8 � � ü   | � � � � � � ý ~ þ  
� � ~   � ý � ~ ÿ � �   | ~ � ù � | Õ | Õ ~ � � ~   ~ � | � þ � ý ~ þ ~ � | � | � � � � � | Õ ~ � � � z ü � � | ~ � � � ÿ � ~ � |
þ ~ | Õ � ÿ | Õ � � ù � | Õ | Õ ~ | ù � ÿ � � ~ � |   � ý � ~ �     � ý ü | � � � ; ü � ý ~     þ � � ~ | Õ � � �� � � � ~     � �   � � ~ � � � � ý � � ý ~ ; ù Õ ~ � | Õ ~ ÿ � � ~ � | s � � � � ø   � ý � ~ � �   � �   | ~ � ¢ t � �
  | � ü � | ü � � ý ÿ z � � þ � �   � � � � ý ~ þ   � � ~ � � � � ÿ � | � � � � � � �   � � � þ � ý ý z � ~ < ü � � ~ ÿ � � �
� � � � ~ � � ~ � � ~ ¢ n � | Õ �     | ü ÿ z � � � � � � þ � ý ~ | ~ � � � � � � � � | � � � � � | � � � � þ � ý ~ þ ~ � | � | � � �
ù �   þ � ÿ ~ � � � � � ~ � � � � ÿ � | � � � � � � ¢ n | �     Õ � ù � | Õ � | | Õ �   � � ~ � � � � ÿ � | � � � � � � þ ~ | Õ � ÿ
�   � � � � � � � � � | ~ � � � | Õ ~ | z � ~ � � � � � � ý ~ þ   � � �   � ÿ ~ � ~ ÿ ; � ü | | Õ ~ � þ � ý ~ þ ~ � | � | � � � �  
� � | ~ � � � � ~ � | ~ � � ü � Õ | � � � � ~   � ý ü | � � � | � þ ~   � � þ � � � � � ý ~ ù � | Õ | Õ ~ ÿ � � ~ � |   � ý � ~ �   ¢
ø Õ ~ � ~ �   � � < ü ~   | � � � | Õ � | þ � � ~ ~ � � � � ~ � | � þ � ý ~ þ ~ � | � | � � �   � � | Õ ~ � � � � þ � ý ~ | ~
� � � � � � � | � � � � � | � � � � � � � ~ þ � ÿ ~ ¢ o � ~ ~ � � ÿ ~ � � ~ � � | Õ �   �   | Õ ~ � � � | | Õ � | � �
� � � � þ � ý ~ | ~ � � � | � � � � � | � � � � ~ < ü � � ~   � ~ ù ~ � � � ~ � � | � � �   � � ÿ ý ~     þ ~ þ � � z | Õ � � �
� � þ � ý ~ | ~ � � � | � � � � � | � � � ; � � ÿ ; � � �   ~ < ü ~ � | ý z ; | Õ ~ | � þ ~   � ~ � | � � � � þ � ý ~ | ~
� � � | � � � � � | � � � ; � � � ~ : � þ � ý ~ � z | Õ ~ s � � � � ø   � ý � ~ � ; �   | Õ ~ ü � � ~ � � � ü � ÿ � � � | Õ ~
| � þ ~ � ~ ~ ÿ ~ ÿ � � � � � � � � � þ � ý ~ | ~ � � � | � � � � � | � � � � � � | Õ ~   � þ ~ � � � � ý ~ þ ¢
t � � � � ~ < ü ~ � � z   ù ~ ~ � � � � ý z   ~   | Õ ~ � � � � ~ � | � � ü   � � � | Õ ~   � þ ~ � � ~ � � � � ÿ � | � � � � � � ;� z þ ~ � �   � � � � � � � � þ � ý ~ | ~ � � � � � � � | � � � � � | � � � � | � � ~ � � | Õ ~ � � � ý z   �  
� � ~ < ü ~ � � � ~   ; � � � � � � ý z   �   � � � � � ~ < ü ~ � � z � � � ÿ �   ~ � � ý ü � | ~ ÿ ¢ ø Õ ~ � ~   ü ý |     Õ � ù
| Õ � | � | �   � �     � � ý ~ | � � þ � � � � ~ | Õ ~ � ~ � � � � þ � � � ~ � � | Õ ~ � � � z ü � � | ~ � � � ÿ � ~ � | þ ~ | Õ � ÿ� z | Õ �   þ ~ | Õ � ÿ ¢ t � � � ~ � | ü � � � | � � � � � � ý z   ~   � ~ ¢ � ¢ | � � ü þ ~ � � � � ý ý z ~ � � ý ü � | ~� � � ÿ � ~ � |   � | Õ �   þ ~ | Õ � ÿ þ � z � ~ ~ � ~ � þ � � ~ � | | � � � | � � ~ ¢



Mats Gustavsson. LicetiateThesis, Paper C.

Ã
Ð@Æ Ç�ÈÊÉÌËÎÍ@É�ÏÑÐÎÒÔÓÕÒ×Ö�ØrÒÔËÎÍ@ÏÙÐÎÒÔÓ�ÚÜÛÝÏÑÞ@ÒÔß@à¨Ö�ÒÔá}âãÐ¤Ó@ÐÎÏÑÛ¨Ç�ËÎÛåäÕÛÝÓ@ÏçæèÓ@É�Ëêé�àåÛÝàëÒ×Ö�ì}Ð¤íçáÝÉÌÏÑÐ¤ÒÔÓ@àëÉÌÓ@ß

�����	��
�����
����

� ,�� �e3�¬ ¸ ¼�¼ · ¯ ¥ ï
�vòPî�û ÷=òTó þ î��5ô%ðâø5òTóAô+õ���îSòPí5ô+ú�ï��_ ��þ�� ����ÿv�¨~ Ò �ã�A�¨~��@ ���|�zqs�� ~  ç �; n � x � × �JÖ ¡ � � �r� Ö ¡ � � � � � >�> � ��¢

� ð � ¶ ¿£¿ã½�� ï
�vòPî�û ÷=òTó þ î���îSòPí5ô+ú�ïiöFô+û����Y÷�û ï�î��Vó�õ5î ÷�û���ýSï�òPî ùMï��s | � s�ü �rý ��  Õ ����� _ � þ � � �£z¢; n � x � × �JÖ�Ù � � > � �r� � �! ¢

� w � ³ ºå¯�¹ · ¯#" ï ¿}¯õ½ ¥V( ¬@¯�j ï a ï%$
&RóAõeó òPî�'�ðAî�ù�î õ�ò)(�û ô+*lû ÷�ùMù ó�õ,*
8 �@� ÿ@~ þ � � s���~     � > �r�

� / � -t®ô¼Ê¹�¿wÁ�¼�¼ · ¯ § ï
ì�î ï�ò/.#î0�Yô+ûSòÚô+õ��5÷�÷=ÿ21�3)4`ìXî ï�ò/�Wî ñ òTó�ô+õ65�û�ôpøÚõ5ú ì�î ï�ò7�
8{�[8���_p8 nTn � � � ü þ ~��ã| � |������l; � ~ ý �A�¨~�� ���rý ~ �[� � �98 ; � �r��� 8 ��� � � ��� | 8 8 ; � >[> � ¢

� .�� -t®ô¼Ê¹�¿wÁ�¼�¼ · ¯ § ï
:9ýSõW÷�ù ó�ñrù�ô+ú�îSðâóAõ/*-ôvö�÷ òTø�ûSÿXô�;<�Yû ô=� ÷=ó�û ñXû ÷ ö�òWø�ï�ó�õ,*�òPí5î?>@; þ î ñ�òPô+û
'BA+�Y÷�õ5ï�óAô+õ���îSòPíWô1ú��
� � ÿ@~�� ��s�� ���DC � � ~���� � C ��~  ç  � ��ÿFE � � � �9C ����� 8 � ��ýHG  ��� �; ¥ � ý���Õ ����  C�� ~ ÿ ¢Î� � >[> �
8 ��ý Bë~ þy� ;��{� CIC ~��@ÿ ��þ ¢

� ��� ³KJ}« ¸ ºÝ¯�0� �&{¬@¯�Â�´}¬ ¸ ºå®ô¼ML ï
&N.F&NOP�qö7û ô+ùRQ#õW÷=ð ýQïXó�ïlôvöTSló ÿ�û ô�;!Q�ñ�ô%ø�ï�òTóAñU&V'W�Mô+ú�îSð ôvö@ì1ûSó�ù�ùMî ú?�5÷�÷=ÿ
1�3X4�ì�î ï�ò/�5î�ñ òTó�ô1õ
8{�[8���_p8 nTn � � � ü þ ~�� Cç�9C �����5; � ~ ý �A�}~�� ���wý ~ ��� � ¡ � ;�t�t 8 � C � � B Õ � ý�þ � >[> � ¢

� î � j · Á�¼Ê¹�¿}»ZY ï
Q ø�*5ù�î õ�òPî�ú�[`ô+ô�\]î^] ï9ð�÷ � ó�õáö7û î`_WøÚî õ5ñ¡ý�:áô+ù�÷=ó�õa�
QÔòJíWû î î�ú=ó�ù�î õ5ï�ó�ô+õ5÷=ðb�pùM÷=òPî ûSó�÷=ð�ú�÷�ù���ó�õ,*áöFô+û�ù ø5ð�÷=òTóAô+õa�
n � C ¢�} ��üã��� ��ý � � ý �Ýÿ�  � ��ÿ � C ��ü �DC ü£��~  �;�Eè� ý ¢ Ù ¡ � � ¢ � > ;��+� ¢�¡ � Ù�Ör� ¡ � Ö ¡ ; � >[> Ö ¢

�AcX� h�¬�¼ÊºÊ¬@®�¹ò« ¬1 c- ï � ï
&RóAõeó òPî�'�ðAî�ù�î õ�ò)��ô+ú�îSðâó�õ,*�ô�öd&mû î`_Wø�î�õ5ñ¡ý�:áî0�Yî õ5úlî õ�ò/�M÷=òJî�ûSó�÷=ð
:á÷�ù���ó�õ,*�ø�ï�óAõ/*eQ øf*lù�î õeò?ó�õ,*�ì
í5î û�ù�ô+ú ýSõ5÷�ù óAñg&RóAîQðAú�ï��
s Õ ¢ � ¢ ø Õ ~  ��� 	; Ò �ã�A�¨~��  �� CIG � � _ ��ý � � �����ã� � ; � �   8 ���}~ ý ~  	; � > � > ¢

�A"X� &{¿}± ¸Ô· «�a ï h{ ih©¬@«�¬�¼ÊÀ · «�½�f ïj$lkRm º ¸ ¼ · ¯�" ï h
Q õ5ô+õa;Jñ�ô+õ�ö7ô+û ù ó�õ,*�îSð�î ùMî õ�ò[ö7ô+û�ïXòPû î�ï¢ïR÷�õ5÷=ð£ýSï�óAï��
n � C ¢7} ��üã� � ��ýr� ��� �£ü þ ¢ þ ~ C Õ � ÿ  è����~����}� �£~�~��������S;	E�� ý ¢ �[× ; � ¡ �r� � � ¡ � >Õ� � > � � ��¢



Mats Gustavsson. LicentiateThesis, Paper C.

Ç�ÈÊÉÌËÎÍ ÉÌÏÑÐÎÒÔÓ Ò×ÖçØrÒÔËÎÍ@ÏÑÐ¤ÒÔÓrÚÜÛåÏÙÞ@ÒÔß@àÔÖ�ÒÔáÔâ£ÐÎÓ@Ð¤ÏÑÛÔÇ�ËÎÛÝäÕÛåÓ@Ï æèÓ@É�Ëêé�àÝÛåà�Ò×Öçì}Ð¤íçáÝÉÌÏÑÐ¤ÒÔÓ@à�ÉÌÓ@ßræ]\ÝÒÔÍ@àåÏÙÐ^\åà _ Ù�Ö

�����	��
�����
����onI
�pN��qirs�Ft��Buwv

� , * �g-t®ô¼Ê¹�¿}Á�¼�¼ · ¯ §  �³ ¿}¯õ¼�¼ · ¯Óf ï �
:9ýQõ5÷�ù ó�ñMQ�õ5÷=ð£ýSï�ó�ï=ôvöi÷ ï�í5îQð ð]ø�ï�óAõ/*lx ��ô+ûSð�îFý�]F÷�õWúyx î õ5í5÷�õ5ñXî ú ï�òPû ÷=ó�õd]
îQðAî�ù�î õ�òPï��
� ��� ¢ � �   C � ü �=C üã� ��ý � ~ ��Õ�� �ã� �   � ��� C ~�� � ��ý ÿ@� � ü þ ~�� C � ; � ø U ; � üã��ÿ Ò �£���}~��@ �� CIG ;
� ü£��ÿ+; � ù�~ ÿ�~�� � >[> � ¢

� ,+,��g-t®ô¼Ê¹�¿}Á�¼�¼ · ¯ §
�Fõ þ î�û ï�î��Mô+ú�îSðâóAõ/*-ôvö�òPí5î�ú ýSõW÷�ù ó�ña�Yû ô=�Yî ûQòTóAî ïRôvö�÷ òTø�ûSÿ�ô�;<�Rû�ô=�
Q ó�û ñXû ÷ ö�òz�
� ��� ¢ � �   C � ü �=C üã� ��ý � ~ �	Õ�� �ã� �  	; � ø U ; � üã��ÿ Ò �£�A�¨~��@ �� C0G ; � üã��ÿ+; � ùú~ ÿ@~�� � >[> � ¢

� , ð � ¶ º ¸ ºÊ° · ¯{-t«�¿�2�'�ºÊ°r¼
�M÷�õ�ø�÷=ð��Y÷|*lî�ïmöFô+û�(U�a�X:}�iì ðâóâÿXû ÷�û7ý~�Yï�ð�ú=ð ò7� ÷


	Blank Page
	Blank Page

