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Objectives:

(i) to develophighresolutionrobustspectralanalysisandestimationtechniquesfor signalanal-
ysisandsystemidentification,

(ii) to developnotionsof distancebetweenpower spectraand,accordingly, an approximation
theoryfor reconcilingnew datawith prior information,and

(iii) applicationof advancesfrom (i-ii) in syntheticapertureradarandultrasoundimaging.

Status of effort

Spectralanalysisof a time seriesoften revealsinformationaboutthe underlyingmechanism
generatingtheprocess.For instance,thespectralcontentof theechoof a radarprovidesimpor-
tantcluesaboutthenature,location,andmotionof potentialtargets.Similarly, crosscorrelation
betweensignalscanhelpidentify modelsfor their interaction.

Nonlineartechniquesand the useof secondorder statisticsallow a certainimprovement
in robustnessandresolutioncomparedto classicallinearFourieranalysis.Most importantare
the so-calledmodernnonlinearmethods(Maximum entropy, Capon,MUSIC, ESPRIT, etc.)
whichrely primarily onexploiting thestructureof Toeplitzmatricesandtheir connectionto the
autocorrelationfunction. Theresearchunderthepresentgranthasled to a naturalevolution of
thesemethodswith substantialbenefits. Our currentaim is to study limits of resolutionand
robustnessin spectralanalysisand,in parallel,to developreliablehigh resolutionmethods.

Thestartingpoint hasbeento considerstatisticsotherthantheordinarypartial autocorre-
lation sequence.It turnsout that, in the mostgeneralform, suchstatisticscanbe castin the
form of thestatecovarianceof a linearfilter drivenby thestochasticprocess.We have shown
that a statecovariancehasa very specialstructureandcanbe identifiedwith the Pick matrix
of an associatedanalytic interpolationproblem. The fertile connectionbetweengeneralized
analyticinterpolationandstochasticprocessesallows an eleganttheoryfor identifying power
spectraconsistentwith suchestimatedstatistics(i.e. solving therelevant inverseproblem). In
turn,properselectionof statisticsanddynamicsof afiltering apparatus(whichmayincorporate
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sensordynamics)resultsin asubstantialimprovementin resolutionascomparedto pre-existing
methods.

Besidestappinginto techniquesandtoolsof classicalgeneralizedanalyticinterpolationand
of
���

-theory, wehave introducedcertainnaturalconvex entropy-like functionalsfor quantify-
ing distancesbetweenspectraandbetweenstatistics.Thesehave allowedusto resolve certain
longstandingissues.In particular, wehavebeenableto provideaconstructivecharacterization
of all spectraof a givencomplexity which areconsistentwith thedata.We havealsobeenable
to reconcileestimationof statisticswith therigid underlyingstructurewhich mustbeinherited
from the dynamicsof measuring/processingapparatus.In eachcase,the underlyingapproxi-
mationproblemis convex, leadingnaturallyto computationalmethods.

On the applicationside, our efforts have focusedin the areaof syntheticapertureradar
(SAR),ultrasoundimaging,andmorerecently, speechprocessingandspeaker identification.

Accomplishments

Let �����	��
����������������� beazero-meanstationarystochasticprocess.In themostgeneralform,
secondorderstatisticsof ��� canbe castin the form of a statecovariance�������������! � � of
a lineardynamicalsystem����#"$���&%('*),+-��� drivenby �!� ( "/.103254627�8+9.1032546: beinga
controllablepairof matrices).Fromthispointon, � is thoughtof asdata,while theabovelinear
systemincorporatessensordynamicsandappropriatefiltering.

Thestructureof statecovariancesis ratherspecial.In [2,7,8] we have shown that �<;<� is
astatecovarianceif andonly if thematrixequation

�>=?"	�@"  ��+ � ) �  +  (1)

is solvablefor
� .A0 :B462 . In thesamepublicationswe haveshown how to formulate,with the

help of "-�8+C�8�D� � , a generalizedanalytic interpolationproblemwhosesolutionsproduceall
power spectrafor ��� thatareconsistentwith � . Thus,we treatspectralanalysisasan inverse
problemandthe sizeof the family of solutionsrepresentsthe uncertainty. Suitableselection
of thefiltering parametersin "E�8+ , prior to estimatingthestatistics� , canlimit theuncertainty
and,thereby, significantlyimproveresolutionandrobustnessof thespectralestimates.A variety
of algorithms,which correspondto certainextremalelementsof the family of solutions,have
beendevised,studied,andusedin [2,8].

In orderto developasuitableapproximationtheoreticframeworkwehaveintroducedcertain
informationtheoreticnotionsdistancebetween“positive objects.” More specifically, if F� and� aretwo positivedefinitematrices,GIH �D� F�KJ@���MLONQP�R&S	T F� HVUXWZY F�[= UXWZY �BJ]\
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representsa notionof distancebetweenthem(thoughnot a metric). This expressionis known
in quantummechanicsasthe von Neumann relative entropy and is usedto quantify distance
andentanglementbetweenstatesof aquantumsystem.In ourcontext, we formulatetheconvex
minimizationproblem

�^�_�^P�N YZ`baXc-d!GeH �D� F�3J>� equation(1) is solvablef
asameansto correcterrorsof astatisticalnatureandto identify a legitimatestatecovariance�
from anestimatedsamplecovariance F� .

Similarly, theShannon-Kullback-Leibler relative entropy expression

G@Hhg �iFg J@����jlknmo T Fg3HVp J HqUrWZY Fg*Hhp J*= UXWZYsg3HVp JOJ \ut p
servesasa distancemeasurebetweenspectraldensities.In joint work with AndersLindquist
we have recentlyshown that, for any “prior” spectralestimate Fg andany datum �#;#� , there
is unique

g
which is consistentwith thehypothesisthat it is thespectraldensityfor the input�!� with statecovariance � , and

g
is closestto Fg in the senseof

G@Hhg �iFg J . Furthermore,the
solutionof theoptimalchoice

g
is rathersimpleandcomputationallyattractive. Theuseof

G
is a naturalevolution of earlier ideasin joint work with Chris ByrnesandAndersLindquist,
e.g., see[6]. The above viewpoint leadsto potentially fertile connectionsbetweenspectral
analysisandhypothesistestingandhasimmediateapplicationto areassuchasspeechanalysis
andspeaker identification.

Casestudiesin syntheticapertureradarimaging(SAR), with MSTAR data,highlight the
potentialof theframework:

Figure1 shows a T-72 tank anda typical SAR imageof the vehicle. Eachline originatesas
estimatedpower spectrumof the radarechoin the relevant “distancebin”. Due to the large
numberof scatterersin the groundmodernnonlinearmethodshave had limited applicability
sincethey tend to generatehigh order models,and thus, numericallyunreliable. As a con-
sequencefft-basedtechniqueshave so-far remainedthe standard.In contrast,our techniques,
via useof specializedstatistics,allow a degreeof “focusing” andleadto low orderandmore
reliablemodels.

In Figure 2, from left to right, the first imageis constructedvia nonlinearsuperposition
(pasting)of high resolutionreconstructionof adjacentsectors.The secondimageshows the
resultof a small level of (Gaussian)smoothingto connectcontiguousscatters,while the third
displaysedgedetectionbasedon the previous two. A substantialimprovementover fft and
classicalnonlinearmethodsis quiteapparent.

Finally, in collaborationE. Ebbini (Universityof Minnesota),we have appliedour frame-
work for spectralanalysisin non-invasive temperaturesensingvia ultrasound(intendedfor
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Figure1: T-72 tankandSAR-fft-basedreconstruction

Figure2: High resolutionreconstructionandedgedetection

controlledheat-treatmentin variouspathologicalconditions).Thetissuetemperatureproduces
asubtlefrequency shift of harmonicsin theecho—hencetherelevanceof high resolutionanal-
ysis.
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