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Objectives:

(1) to develophighresolutionrobustspectrabnalysisandestimatiortechniquedor signalanal-
ysisandsystemidentification,

(i) to develop notionsof distancebetweenpower spectraand,accordingly an approximation
theoryfor reconcilingnew datawith prior information,and

(i) applicationof advancedrom (i-ii) in syntheticapertureadarandultrasoundmaging.

Status of effort

Spectralanalysisof a time seriesoften revealsinformation aboutthe underlyingmechanism
generatinghe processFor instancethe spectrakcontentof the echoof aradarprovidesimpor-
tantcluesaboutthenature Jocation,andmotionof potentialtargets.Similarly, crosscorrelation
betweersignalscanhelpidentify modelsfor theirinteraction.

Nonlineartechniquesand the use of secondorder statisticsallow a certainimprovement
in robustnessandresolutioncomparedo classicalinear Fourier analysis.Most importantare
the so-calledmodernnonlinearmethods(Maximum entropy, Capon,MUSIC, ESPRIT etc.)
whichrely primarily on exploiting the structureof Toeplitzmatricesandtheir connectiorto the
autocorrelatiorfunction. Theresearchunderthe presengranthasled to a naturalevolution of
thesemethodswith substantiabenefits. Our currentaim is to studylimits of resolutionand
robustnessn spectralnalysisand,in parallel,to developreliablehigh resolutionmethods.

The startingpoint hasbeento considerstatisticsotherthanthe ordinary partial autocorre-
lation sequencelt turnsout that, in the mostgeneralform, suchstatisticscanbe castin the
form of the statecovarianceof alinearfilter drivenby the stochastigprocess.We have shavn
that a statecovariancehasa very specialstructureand canbe identified with the Pick matrix
of an associatednalyticinterpolationproblem. The fertile connectionbetweengeneralized
analyticinterpolationand stochastiqprocessesllows an eleganttheoryfor identifying power
spectraconsistentwith suchestimatedstatistics(i.e. solvingthe relevantinverseproblem).In
turn, properselectionof statisticsaanddynamicsof afiltering apparatugwhich mayincorporate



sensoynamicsyesultsin asubstantialmprovementn resolutionascomparedo pre-&isting
methods.

Besidedappinginto techniquesndtoolsof classicalgeneralizednalyticinterpolationand
of H*°-theory we have introducedcertainnaturalcorvex entrogy-lik e functionalsfor quantify-
ing distancedetweerspectraandbetweerstatistics. Thesehave allowed usto resole certain
long standingssuesn particular we have beenableto provide a constructve characterization
of all spectraof a givencompleity which areconsistentvith the data.We have alsobeenable
to reconcileestimationof statisticswith therigid underlyingstructurewhich mustbeinherited
from the dynamicsof measuring/processingpparatus.In eachcase the underlyingapproxi-
mationproblemis corvex, leadingnaturallyto computationamethods.

On the applicationside, our efforts have focusedin the areaof syntheticapertureradar
(SAR), ultrasoundmaging,andmorerecently speechprocessing@ndspealer identification.

Accomplishments

Let{u, : £ =0,1,...} beazero-mearstationarystochastigrocessln the mostgeneraform,
secondorder statisticsof u;, canbe castin the form of a statecovarianceX = E{zyx}} of
alineardynamicalsystemz, = Ax,_; + Buy drivenby u, (A € C*", B € C"*™ beinga
controllablepair of matrices).Fromthis pointon, Y is thoughtof asdata,while theabovelinear
systemincorporatesensoidynamicsandappropriatdiltering.

The structureof statecovariancess ratherspecial.In [2,7,8] we have shovn thatY > 0 is
astatecovariancef andonly if the matrix equation

S — AYA* = BH + H'B* (1)

is solvablefor H € C™*™. In thesamepublicationswe have shovn how to formulate,with the
helpof A, B, X, H, a generalizedanalyticinterpolationproblemwhosesolutionsproduceall
power spectrafor u;, thatareconsistenwith . Thus,we treatspectralanalysisasaninverse
problemandthe size of the family of solutionsrepresentshe uncertainty Suitableselection
of thefiltering parameterin A, B, prior to estimatingthe statisticsY;, canlimit the uncertainty
and,therebysignificantlyimproveresolutionandrobustnes®f thespectrakstimatesA variety
of algorithms,which correspondo certainextremalelementof the family of solutions,have
beendevised,studied,andusedin [2,8].

In orderto developasuitableapproximatiortheoretidramenork we haveintroducedcertain
informationtheoreticnotionsdistancebetweerf‘positive objects: More specifically if 3 and
Y] aretwo positive definitematrices,

A~

S(3,Y) := trace (f](logf) — log E))



represents notion of distancebetweernthem (thoughnot a metric). This expressions known
in quantummechanicsasthe von Neumann relative entropy andis usedto quantify distance
andentanglemenbetweerstateof a quantumsystem.In our context, we formulatethe convex
minimizationproblem

Y := argmin {S(E, ) : equation(1) is solvable}

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

5.5y = [ (70)1080) - tog 1))

senesasa distancemeasurebetweenspectraldensities.In joint work with AndersLindquist
we have recentlyshavn that, for any “prior” spectralestimatef andary datums > 0, there
is unique f which is consistentvith the hypothesighatit is the spectraldensityfor the input
uj, With statecovariancex, and f is closestto f in the senseof S(f, f). Furthermorethe
solutionof the optimal choice f is rathersimpleand computationallyattractve. The useof S
is a naturalevolution of earlierideasin joint work with Chris Byrnesand AndersLindquist,
e.g.,see[6]. The above viewpoint leadsto potentially fertile connectionsdetweenspectral
analysisandhypothesidestingandhasimmediateapplicationto areassuchasspeechanalysis
andspealer identification.

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

Figure 1 shaws a T-72 tank and a typical SAR imageof the vehicle. Eachline originatesas
estimatedpower spectrumof the radarechoin the relevant “distancebin”. Due to the large
numberof scatterersn the groundmodernnonlinearmethodshave had limited applicability
sincethey tendto generatehigh order models,and thus, numericallyunreliable. As a con-
sequencdft-basedtechniquesave so-far remainedhe 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 resolutionreconstructiorof adjacentsectors. The secondimageshows the
resultof a smalllevel of (Gaussiansmoothingto connectcontiguousscattersyhile the third
displaysedgedetectionbasedon the previous two. A substantiaimprovementover fft and
classicahonlinearmethodss quiteapparent.

Finally, in collaborationE. Ebbini (University of Minnesota),we have appliedour frame-
work for spectralanalysisin non-invasive temperaturesensingvia ultrasound(intendedfor
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Figure2: High resolutionreconstructiorandedgedetection

controlledheat-treatmenh variouspathologicalconditions).Thetissuetemperaturg@roduces

asubtlefrequeng shift of harmonicdn the echo—hencéherelevanceof high resolutionanal-
ysis.
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