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Objectives:

(i) to develophigh resolutionrobustspectralanalysisandestimationtechniquesfor
signalanalysisandsystemidentification,

(ii) to develop notionsof distancebetweenpower spectraand,accordingly, an ap-
proximationtheoryfor reconcilingnew datawith prior information,and

(iii) applicationof advancesfrom (i-ii) in syntheticapertureradarand ultrasound
imaging.

Status of effort

Spectralanalysisof a time seriesoften reveals information about the underlying
mechanismgeneratingthe process.For instance,the spectralcontentof the echo
of a radarprovidesimportantcluesaboutthenature,location,andmotionof poten-
tial targets.Similarly, crosscorrelationbetweensignalscanhelpidentify modelsfor
their interaction.

Nonlineartechniquesandthe useof secondorderstatisticsallow a certainim-
provementin robustnessandresolutioncomparedto classicallinear Fourier analy-
sis.Most importantaretheso-calledmodernnonlinearmethods(Maximumentropy,
Capon,MUSIC, ESPRIT, etc.) which rely primarily on exploiting the structureof
Toeplitzmatricesandtheir connectionto theautocorrelationfunction. Theresearch
underthe presentgrant hasled to a naturalevolution of thesemethodswith sub-
stantialbenefits.Our currentaim is to studylimits of resolutionandrobustnessin
spectralanalysisand,in parallel,to developreliablehigh resolutionmethods.

The startingpoint hasbeento considerstatisticsotherthanthe ordinarypartial
autocorrelationsequence.It turnsout that, in themostgeneralform, suchstatistics
canbecastin theform of thestatecovarianceof alinearfilter drivenby thestochastic
process.We have shown thata statecovariancehasa very specialstructureandcan
be identifiedwith the Pick matrix of an associatedanalytic interpolationproblem.
Thefertile connectionbetweengeneralizedanalyticinterpolationandstochasticpro-
cessesallows an eleganttheory for identifying power spectraconsistentwith such
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estimatedstatistics(i.e. solving the relevant inverseproblem). In turn, properse-
lection of statisticsand dynamicsof a filtering apparatus(which may incorporate
sensordynamics)resultsin a substantialimprovementin resolutionascomparedto
pre-existingmethods.

Besidestappinginto techniquesandtoolsof classicalgeneralizedanalyticinter-
polationandof

���
-theory, we have introducedcertainnaturalconvex entropy-like

functionalsfor quantifyingdistancesbetweenspectraandbetweenstatistics.These
have allowedusto resolve certainlong standingissues.In particular, we have been
ableto provide a constructive characterizationof all spectraof a given complexity
whichareconsistentwith thedata.Wehavealsobeenableto reconcileestimationof
statisticswith therigid underlyingstructurewhichmustbeinheritedfrom thedynam-
ics of measuring/processingapparatus.In eachcase,theunderlyingapproximation
problemis convex, leadingnaturallyto computationalmethods.

On theapplicationside,oureffortshave focusedin theareaof syntheticaperture
radar(SAR),ultrasoundimaging,andmorerecently, speechprocessingandspeaker
identification.

Accomplishments

Let �����	��

����������������� be a zero-meanstationarystochasticprocess.In the most
generalform,secondorderstatisticsof ��� canbecastin theformof astatecovariance� �����������! � � of a linear dynamicalsystem���"�$#%����&('*),+-��� driven by �!� (#/.103254627�8+�.9032546: beinga controllablepair of matrices).From this point on,�

is thoughtof asdata,while theabove linearsystemincorporatessensordynamics
andappropriatefiltering.

The structureof statecovariancesis ratherspecial. We have shown (seee.g.,
[2,7,8]) that

�<; � is astatecovarianceif andonly if thematrixequation�
= # � #  �>+ � ) �  +  (1)

is solvablefor
� .?0 :@462 . In thesamepublicationswe have shown how to formu-

late,with thehelpof #-�A+B� � � � , ageneralizedanalyticinterpolationproblemwhose
solutionsproduceall power spectrafor ��� thatareconsistentwith

�
. Thus,we treat

spectralanalysisasan inverseproblemandthe sizeof the family of solutionsrep-
resentsthe uncertainty. Suitableselectionof the filtering parametersin #C�A+ , prior
to estimatingthestatistics

�
, canlimit theuncertaintyand,thereby, significantlyim-

prove resolutionandrobustnessof the spectralestimates.A variety of algorithms,
which correspondto certainextremalelementsof thefamily of solutions,have been
devised,studied,andusedin [2,8].
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In order to develop a suitableapproximationtheoreticframework we have in-
troducedcertaininformationtheoreticnotionsdistancebetween“positive objects.”
Morespecifically, if D� and

�
aretwo positivedefinitematrices,EGF � �HD��I �J�LKNM8OQP�RTS3D� FVUXW�Y D�?= UXW�Y �ZI\[

representsa notionof distancebetweenthem(thoughnot a metric). This expression
is known in quantummechanicsas the von Neumann relative entropy and is used
to quantify distanceandentanglementbetweenstatesof a quantumsystem.In our
context, we formulatetheconvex minimizationproblem� �J�1OQM YQ]B^X_C`aE*F � �bD��I � equation(1) is solvablec
asa meansto correcterrorsof a statisticalnatureandto identify a legitimatestate
covariance

�
from anestimatedsamplecovariance D� .

Similarly, theShannon-Kullback-Leibler relative entropy expressionE*Fed � Dd I �f�>gihkjl S Dd3FVm I FnUoW�Y DdpFem I3= UXW�YGd3Fem INIq[sr m
servesasa distancemeasurebetweenspectraldensities.In joint work with Anders
Lindquistwe have recentlyshown that, for any “prior” spectralestimate Dd andany
datum

�t; � , thereis unique
d

which is consistentwith the hypothesisthat it is
the spectraldensityfor the input ��� with statecovariance

�
, and

d
is closestto Dd

in the senseof
EGFud � Dd I . Furthermore,the solutionof the optimal choice

d
is rather

simpleandcomputationallyattractive. Theuseof
E

is a naturalevolution of earlier
ideasin work by, andjoint work with, ChrisByrnesandAndersLindquist,e.g.,see
[6]. The above viewpoint leadsto potentially fertile connectionsbetweenspectral
analysisandhypothesistestingandhasimmediateapplicationto areasasin speech
analysis.

Wehighlightresultsfrom acasestudyin syntheticapertureradarimaging(SAR),
with MSTAR data,which shows the potentialof the framework. Figure1 shows a
T-72 tankanda typical SAR imageof thevehicle.Eachline originatesasestimated
power spectrumof the radarechoin the relevant “distancebin”. Due to the large
numberof scatterersin theground,modernnonlinearmethodshave hadlimited ap-
plicability sincethey tendto generatehigh ordermodels,andthus,numericallyun-
reliable. As a consequencefft-basedtechniqueshave so-far remainedthestandard.
In contrast,our techniques,via useof specializedstatistics,allow a degreeof “fo-
cusing” and leadto low orderandmorereliablemodels. In Figure2, from left to
right, thefirst imageis constructedvia nonlinearsuperposition(pasting)of high res-
olution reconstructionof adjacentsectors.The secondimageshows the resultof a
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Figure1: T-72 tankandSAR-fft-basedreconstruction

small level of (Gaussian)smoothingto connectcontiguousscatters,while the third
displaysedgedetectionbasedon theprevioustwo. A substantialimprovementover

Figure2: High resolutionreconstructionandedgedetection

fft andclassicalnonlinearmethodsis quiteapparent.
Finally, in collaborationE.Ebbini(Universityof Minnesota),wehaveappliedour

framework for spectralanalysisin non-invasive temperaturesensingvia ultrasound
(intendedfor controlledheat-treatmentin variouspathologicalconditions). This is
basedon a phenomenonwheretissuetemperatureproducesa subtlefrequency shift
of harmonicsin theecho.

Personnel Supported

1. TryphonT. Georgiou (P.I.)

2. Ali NasiriAmini (M.S./Ph.D.student)

4



3. ZoranLatinovic (M.S. student)

Interactions

1. FieldsInstitute,Toronto,workshopon the Calculusof Variationsin Physics,
Economics,andGeometry, August2001.

2. NIAAA workshopon Alcohol, Neuroscience,andBioinformatics,September
2001.

3. Universityof Illinois, Urbana-Champaign,Seminar-series,April 2002.

4. Lincoln Labs,June2002.

Transitions

Method and Apparatus for a tunable high-resolution spectral estimator,
PatentNo. 6,400,310(Byrnes/Georgiou/Lindquist).

Honors/Awards

1. Fellow of the IEEE, January2000.

2. Board of Governors, IEEE Control Systems Society.
Elected:January2002– December2005.

3. Hermes-Luh Professorship in Electrical Engineering,
Universityof Minnesota,2002—

Journal Publications

1. T.T. Georgiou, “Analytic InterpolationandtheDegreeConstraint,” Int. J. Ap-
plied Mathematics and Computer Science, Specialissue,guesteditorsM. Fliess
andA. El Jai,January2001,vol. 11,No 1, 101-109.

2. T.T. Georgiou, “SpectralEstimationby Selective HarmonicAmplification,”
IEEE Trans. on Automatic Control, 46(1): 29-42,January2001.

3. S.VarigondaandT.T. Georgiou,“Oscillationsin Systemswith RelayHystere-
sis,” IEEE Trans. on Automatic Control, 46(1): 65-77,January2001.

5



4. T.T. GeorgiouandM.C. Smith,“Remarkson“RobustnessAnalysisof Nonlin-
earFeedbackSystemsAn Input-OutputApproach,” IEEE Trans. on Automatic
Control, 46(1): 171-172,January2001.

5. U. Walther, T.T. GeorgiouandA. Tannenbaum,“On theComputationof Switch-
ing Surfacesin OptimalControl: A GroebnerBasisApproach,” IEEE Trans.
on Automatic Control, April 2001.

6. C. Byrnes,T.T. Georgiou, andA. Lindquist, “A generalizedentropy criterion
for Nevanlinna-Pickinterpolation:A convex optimizationapproachto certain
problemsin systemsandcontrol”, IEEE Trans. on Automatic Control, 45(6):
822-839,June2001.

7. T.T. Georgiou, “The structureof statecovariancesandits relationto thepower
spectrumof the input,” IEEE Trans. on Automatic Control, to appear, July
2002.

8. T.T. Georgiou, “Spectralanalysisbasedon thestatecovariance:themaximum
entropy spectrumandlinearfractionalparameterization,” IEEE Trans. on Au-
tomatic Control, to appear, October2002.

Book Chapters

9. I.J.FialhoandT.T. Georgiou,“Chapter7: ComputationalAlgorithmsfor Sparse
OptimalDigital ControllerRealizations,” in Digital Controller Implementation
and Fragility: A Modern Perspective, RobertSH Istepanian& JamesF Whid-
borne(editors)Springer-Verlag,2001.

10. T.T. Georgiou, P.J. Olver, andA. Tannenbaum,Maximal entropy for recon-
structionof backprojectionimages,”IMA Volumesin MathematicsanditsAp-
plications,” Volume 133: Mathematical methods in computer vision Springer-
Verlag,2002.

Refereed Conference Publications

11. S. Varigonda,T.T. Georgiou andM. Daoutides,”A flatnessbasedalgorithm
for optimalperiodiccontrolproblems,” Proceedingsof theAmericanControl
Conference,Arlington, VA, June2001.

12. T.T. Georgiou,“On thestructureof statecovariances,” Proceedingsof theIEEE
Conf. onDecisionandControl,Orlando,Florida,December2001.

6


