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Objectives.

() to develop high resolutionrobust spectralanalysisand estimationtechniquegor
signalanalysisandsystemidentification,

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

(iif) applicationof adwancesfrom (i-ii) in syntheticapertureradarand ultrasound
imaging.

Status of effort

Spectralanalysisof a time seriesoften revealsinformation aboutthe underlying
mechanisnmgeneratingthe process. For instance the spectralcontentof the echo
of aradarprovidesimportantcluesaboutthe nature,location,andmotion of poten-
tial targets. Similarly, crosscorrelationbetweersignalscanhelpidentify modelsfor
theirinteraction.

Nonlineartechniquesandthe useof secondorder statisticsallow a certainim-
provementin robustnessandresolutioncomparedo classicallinear Fourier analy-
sis. Mostimportantarethe so-calledmodernnonlineamrmethodgMaximumentrogy,
Capon,MUSIC, ESPRIT etc.) which rely primarily on exploiting the structureof
Toeplitzmatricesandtheir connectionto the autocorrelatiorfunction. Theresearch
underthe presentgranthasled to a naturalevolution of thesemethodswith sub-
stantialbenefits. Our currentaim is to studylimits of resolutionandrobustnessn
spectralnalysisand,in parallel,to developreliablehigh resolutionmethods.

The startingpoint hasbeento considerstatisticsotherthanthe ordinary partial
autocorrelatiorsequencelt turnsout that, in the mostgeneralform, suchstatistics
canbecastin theform of thestatecovarianceof alinearfilter drivenby thestochastic
processWe have shavn thata statecovariancehasa very specialstructureandcan
be identified with the Pick matrix of an associate@nalyticinterpolationproblem.
Thefertile connectiorbetweergeneralizednalyticinterpolationandstochastiqro-
cessesllows an eleganttheory for identifying power spectraconsistentwith such
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estimatedstatistics(i.e. solving the relevantinverseproblem). In turn, properse-
lection of statisticsand dynamicsof a filtering apparatugwhich may incorporate
sensomynamics)resultsin a substantialmprovementin resolutionascomparedo

pre-isting methods.

Besidegappinginto techniquesndtools of classicalgeneralizedanalyticinter-
polationandof H*-theory we have introducedcertainnaturalcorvex entropy-like
functionalsfor quantifyingdistancedetweenspectraandbetweerstatistics. These
have allowed usto resole certainlong standingissues.In particular we have been
ableto provide a constructve characterizatiorof all spectraof a given compleity
which areconsistentvith the data.We have alsobeenableto reconcileestimationof
statisticawith therigid underlyingstructurevhich mustbeinheritedfrom thedynam-
ics of measuring/processingpparatusin eachcase the underlyingapproximation
problemis corvex, leadingnaturallyto computationamethods.

Ontheapplicationside,our efforts have focusedn theareaof syntheticaperture
radar(SAR), ultrasoundmaging,andmorerecently speectprocessing@ndspealer
identification.

Accomplishments

Let {ux : £ = 0,1,...} beazero-mearstationarystochastiqrocess.In the most
generaform, secondrderstatisticof u;, canbecastin theform of astatecovariance
Y = E{zyz;} of alinear dynamicalsystemz), = Ax;_; + Buy drivenby uy (
A e C" B € C**™ beinga controllablepair of matrices). From this point on,
Y} is thoughtof asdata,while the above linear systemincorporatesensoidynamics
andappropriatdiltering.

The structureof statecovariancess ratherspecial. We have shovn (seee.g.,
[2,7,8])thatX > 0 is a statecovariancef andonly if thematrix equation

S — ASA* = BH + H'B* (1)

is solvablefor H € C™ ™. In the samepublicationswe have shovn how to formu-
late,with thehelpof A, B, 3, H, ageneralize@nalyticinterpolationproblemwhose
solutionsproduceall power spectrdor u, thatareconsistentith 3. Thus,we treat
spectralanalysisasan inverseproblemandthe size of the family of solutionsrep-
resentghe uncertainty Suitableselectionof the filtering parametersn A, B, prior
to estimatingthe statistics>:, canlimit theuncertaintyand,thereby significantlyim-
prove resolutionand robustnesof the spectralestimates.A variety of algorithms,
which correspondo certainextremalelementsof the family of solutions,have been
devised,studied,andusedin [2,8].



In orderto develop a suitableapproximationtheoreticframevork we have in-
troducedcertaininformationtheoreticnotionsdistancebetween’positive objects’
More specifically if X andX aretwo positive definitematrices,

S(%,3) = trace (fl(logf] —log E))

represents notion of distancebetweerthem(thoughnota metric). This expression
is known in quantummechanicsasthe von Neumann relative entropy andis used
to quantify distanceand entanglemenbetweenstatesof a quantumsystem.In our
contet, we formulatethe convex minimizationproblem

Y := argmin {S(E, 5)) : equation(1) is solvable}

asameansto correcterrorsof a statisticalnatureandto identify a legitimate state
covarianceX from anestimatedsamplecovarianceX.
Similarly, the Shannon-Kullback-Leibler relative entropy expression

(.= [ (F0)108 £0) - 108.10)) a0

senesasa distancemeasuréetweenspectraldensities.In joint work with Anders
Lindquistwe have recentlyshavn that, for ary “prior” spectralestimatef andary

datum > 0, thereis unique f which is consistentwith the hypothesighatit is

the spectraldensityfor the input u;, with statecovarianceX, and f is closestto f

in the senseof S(f, f). Furthermorethe solutionof the optimal choice f is rather
simpleandcomputationallyattractve. The useof S is a naturalevolution of earlier
ideasin work by, andjoint work with, Chris Byrnesand AndersLindquist, e.g.,see
[6]. The above viewpoint leadsto potentiallyfertile connectiondetweenspectral
analysisandhypothesidestingandhasimmediateapplicationto areasasin speech
analysis.

We highlightresultsfrom acasestudyin syntheticaperturaadarimaging(SAR),
with MSTAR data,which shows the potentialof the framewvork. Figurel showns a
T-72 tankanda typical SAR imageof thevehicle. Eachline originatesasestimated
power spectrumof the radarechoin the relevant “distancebin”. Due to the large
numberof scatterersn the ground,modernnonlinearmethodshave hadlimited ap-
plicability sincethey tendto generatehigh ordermodels,andthus,numericallyun-
reliable. As a consequencé#t-basedtechniquedave so-far remainedhe standard.
In contrast,our techniquesyia useof specializedstatistics,allow a degreeof “fo-
cusing”andleadto low orderand morereliable models. In Figure 2, from left to
right, thefirst imageis constructed/ia nonlinearsuperpositior{pasting)of highres-
olution reconstructiorof adjacentsectors. The secondmageshows the resultof a
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Figurel: T-72 tankandSAR-fft-basedreconstruction

smalllevel of (Gaussiansmoothingto connectcontiguousscatterswhile the third
displaysedgedetectionbasedon the previoustwo. A substantialmprovementover

Figure2: High resolutionreconstructiorandedgedetection

fft andclassicahonlinearmethodds quiteapparent.

Finally, in collaboratiork. Ebbini (Universityof Minnesota) we have appliedour
framework for spectralanalysisin non-invasive temperaturesensingvia ultrasound
(intendedfor controlledheat-treatmenin variouspathologicalconditions). This is

basedon a phenomenonvheretissuetemperaturgroducesa subtlefrequeny shift
of harmonicdn theecho.
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