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Objectives

Thegoalof ourresearchs:

(i) to develop high resolutionrobust spectralanalysisand estimationtechniques
for signalanalysisandsystemidentification,

(ii) to developnotionsof distancebetweerpower spectraand,accordinglyanap-
proximationtheoryfor reconcilingnew datawith prior information,and

(iif) andpursueapplicationof thesemethodsn syntheticaperturaadarandultra-
soundimaging.

Status of effort

Spectralanalysisof a time seriesoften revealsinformation aboutthe underly-
ing mechanisngeneratinghe process.For instance the spectralcontentof the
echoof a radarprovidesimportantcluesaboutthe nature,location,and motion
of potentialtargets.Similarly, crosscorrelationbetweersignalscanhelpidentify
dynamicsdeterminingtheir dependence.

Nonlineartechniquesand the use of secondorder statisticsallow a certain
improvementin robustnessand resolutioncomparedto classicallinear Fourier
analysis.Mostimportantarethe so-calledmodernnonlineamethodgMaximum
entropy, MUSIC, ESPRIT Capon,etc.) which rely primarily on exploiting the
structureof Toeplitzmatricesandtheir connectiorto theautocorrelatiorfunction.
Theresearchunderthe presengranthasled to a naturalevolution of thesemeth-
odswith substantiabenefits.Our currentaim is to studylimits of resolutionand
robustnessn spectralnalysisand,in parallel,to developreliablehigh resolution
methods.

Thestartingpointhasbeento considestatisticsotherthanthe ordinarypartial
autocorrelatiorsequencelt turnsout that, in the mostgeneralform, suchstatis-
tics canbe castin the form of the statecovarianceof a linearfilter drivenby the



stochastiprocessWe have shovn thata statecovariancehasavery specialstruc-
ture andcanbe identifiedwith the Pick matrix of anassociate@nalyticinterpo-
lation problem.Thefertile connectiorbetweergeneralizednalyticinterpolation
and stochastigprocessesllows an eleganttheory for identifying power spectra
consistentwith suchestimatedstatistics(i.e. solving the relevantinverseprob-
lem). In turn, properselectionof statisticsanddynamicsof thefiltering apparatus
(which mayincorporatesensoldynamicsyesultsin a substantialmprovementn
resolutionascomparedo pre-e&isting methods.

Besidegappinginto techniquesndtools of classicalgeneralizedgnalyticin-
terpolationandof H*-theory we have introducedcertainnaturalcorvex entroyy-
like functionalsfor quantifyingdistancedetweenspectraandbetweenstatistics.
Thesehave allowed usto resole certainlong standingissues.In particular we
have beenableto provide a constructve characterizatiowf all spectreof a given
complity which are consistentwith the data. We have alsobeenableto rec-
oncile estimationof statisticswith the rigid underlyingstructurewhich mustbe
inheritedfrom the dynamicsof measuring/processirapparatusin eachcasethe
underlyingapproximatiornproblemis convex, leadingnaturallyto computational
methods.

Ontheapplicationside,our efforts have focusedn the areaof syntheticaper
tureradar(SAR), ultrasoundmaging,andmorerecently speechprocessingand
spealeridentification.

Accomplishments

Let {uy : k£ = 0,1,...} be azero-mearstationarystochasticprocess. In the
mostgeneralform, secondorderstatisticsof u, canbe castin theform of a state
covarianceX = E{x,z;} of alineardynamicalkystemz;, = Axy_; + Buy driven
by u, (A € C**" B € C"™ beinga controllablepair of matrices).Fromthis
pointon, Y is thoughtof asdata,while theabovelinearsystemncorporatesensor
dynamicsandappropriatdiltering.
The structureof statecovariancess ratherspecial.In [2,7,8] we have shavn

thatY > 0 is a statecovariaceif andonly if the matrix equation

Y — AYA* = BH + H*B* (1)

is solvablefor H € C™*™. In the samepublicationswe have shovn how to for-
mulate,with thehelpof A, B, Y, H, ageneralizednalyticinterpolationproblem
whosesolutionsproduceall power spectréor u;, thatareconsistentvith . Thus,



we treatspectralanalysisasaninverseproblemandthe sizeof the family of so-
lutionsrepresentshe uncertainty Suitableselectionof thefiltering parametern
A, B, prior to estimatinghestatistics:, canlimit theuncertaityand,thereby sig-
nificantlyimproveresolutionandrobustnes®f thespectrakstimatesscompared
to prior stateof-the-art. A variety of algorithms,which correspondo certainex-
tremalelementsof the family of solutions,have beendevised, studied,andused
in [2,8].

In orderto develop a suitableapproximationtheoreticframevork we have
introducedcertaininformation theoreticnotionsdistancebetween‘positive ob-
jects” More specifically if £ andX aretwo positive definitematrices,

S(%, %) := trace (f?(logf? — log E))

represents notion of distancebetweerthem(thoughnot a metric). This expres-
sionis known in quantummechanicasthe von Neumann relative entropy andis
usedto quantify distanceandentanglemenbetweerstatesof a quantumsystem.
In our context, we considerthe convex minimizationproblem

¥ = argming, (1) is sohvableS (5> &)

asameando correcterrorsof astatisticalnatureandto identify alegitimatestate
covarianceX from anestimatedsamplecovarianceX.
Similarly, the Shannon-Kullback-Leibler relative entropy expression

s = [ (F0) 108 F0) - 10810)) a0

senesasadistancaneasurdetweerspectrablensitiesln joint work with Anders
Linquist we have recentlyshown that, for arny “prior” spectralestimatef andary
¥ > 0, thereis unique f which is consistentwith the hypothesighatit is the
spectratlensityfor theinputw, with statecovarianceZ, and is closesto f in the
sensefS(f, f). Furthermorethesolutionof theoptimalchoicef is rathersimple
andcomputationallyattractve. Theuseof S is a naturalevolution of earlierideas
in joint work with Chris Byrnesand AndersLindquist, e.g.,see[6]. The above
viewpoint leadsto potentially fertile connectionsetweenspectralanalysisand
hypothesigestingandhasimmediateapplicationto areassuchasspeechanalysis
andspealer identification.

Casestudiesin syntheticapertureradarimaging (SAR), with MSTAR data,
highlightthe potentialof theapproach:
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Figurel shaws a T-72 tank and a typical SAR imageof the vehicle. Eachline
originatesasestimatedgower spectrunof theradarechoin therelevant“distance
bin”. Dueto thelargenumberof scatterersn thegroundmodernnonlinearmeth-
odshave hadlimited applicability sincethey tendto generaténigh ordermodels,
and thus, numerically unreliable. As a consequencét-basedtechniqueshave
so-far remainedthe standard.In contrast,our techniquesyia useof specialized
statistics,allow a degreeof “focusing” andleadto low orderand morereliable
models.

Figurel: T-72 tankand SAR-fft-basedreconstruction

In Figure, from left to right, the first imageis constructedrzia nonlinearsu-
perposition(pasting)of high resolutionreconstructiorof adjacentsectors. The
secondmageshownstheresultof asmalllevel of (Gaussianymoothingo connect
contiguousscattersyhile thethird displaysedgedetectionbasedon the previous
two.

A substantiaimprovementover fft and classicalnonlinearmethodsis quite
apparent.Furtherdevelopmentof our approachcalls for a way to quantify res-
olution andtechniquedor “optimal” designof input-to-statefilters. To this end
we needto understandand quantify the trade-of betweenresolutiongainedby
“sharp” input-to-statdilters andvariability of the correspondingovarianceesti-
mates.Following up alongthesedlinesis a key directionin our project.

Therangeof potentialapplicationsarequite numerousrangingfrom general
time-seriesanalysis,speechdentification,to arraysignalprocessingOn the ap-
plication side, we planto completeour on-goingeffort in SAR imaging. Also,
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in collaborationE. Ebbini (University of Minnesota)we planto completeanon-

goingeffort to applyhighresolutionmethodsn non-irvasivetemperaturesensing
usingultrasoundintendedfor heat-treatmemf internalorgansin variouspatho-
logical conditions).Briefly, the temperaturef tissuecorrelateswvith the average
spacingof scattererandtherebyaffectsthereflectedechoof anultrasoundorob-

ing signal[?]. Thus,thetemperaturags encodednto a subtlefrequeng shift of

variousharmonicsn theecho—hencéherelevanceof high resolutionanalysis.
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