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Objectives

Thegoalof our researchis:

(i) to develophigh resolutionrobust spectralanalysisandestimationtechniques
for signalanalysisandsystemidentification,

(ii) to developnotionsof distancebetweenpowerspectraand,accordingly, anap-
proximationtheoryfor reconcilingnew datawith prior information,and

(iii) andpursueapplicationof thesemethodsin syntheticapertureradarandultra-
soundimaging.

Status of effort

Spectralanalysisof a time seriesoften reveals information about the underly-
ing mechanismgeneratingthe process.For instance,the spectralcontentof the
echoof a radarprovidesimportantcluesaboutthe nature,location,andmotion
of potentialtargets.Similarly, crosscorrelationbetweensignalscanhelpidentify
dynamicsdeterminingtheirdependence.

Nonlinear techniquesand the useof secondorder statisticsallow a certain
improvementin robustnessand resolutioncomparedto classicallinear Fourier
analysis.Most importantaretheso-calledmodernnonlinearmethods(Maximum
entropy, MUSIC, ESPRIT, Capon,etc.) which rely primarily on exploiting the
structureof Toeplitzmatricesandtheirconnectionto theautocorrelationfunction.
Theresearchunderthepresentgranthasled to a naturalevolution of thesemeth-
odswith substantialbenefits.Our currentaim is to studylimits of resolutionand
robustnessin spectralanalysisand,in parallel,to developreliablehigh resolution
methods.

Thestartingpointhasbeento considerstatisticsotherthantheordinarypartial
autocorrelationsequence.It turnsout that, in themostgeneralform, suchstatis-
tics canbecastin the form of thestatecovarianceof a linearfilter drivenby the
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stochasticprocess.Wehaveshown thatastatecovariancehasaveryspecialstruc-
tureandcanbe identifiedwith thePick matrix of anassociatedanalyticinterpo-
lationproblem.Thefertile connectionbetweengeneralizedanalyticinterpolation
andstochasticprocessesallows an elegant theory for identifying power spectra
consistentwith suchestimatedstatistics(i.e. solving the relevant inverseprob-
lem). In turn,properselectionof statisticsanddynamicsof thefiltering apparatus
(which mayincorporatesensordynamics)resultsin asubstantialimprovementin
resolutionascomparedto pre-existing methods.

Besidestappinginto techniquesandtoolsof classicalgeneralizedanalyticin-
terpolationandof

���
-theory, wehaveintroducedcertainnaturalconvex entropy-

like functionalsfor quantifyingdistancesbetweenspectraandbetweenstatistics.
Thesehave allowed us to resolve certainlong standingissues.In particular, we
have beenableto provide a constructivecharacterizationof all spectraof a given
complexity which areconsistentwith the data. We have alsobeenable to rec-
oncile estimationof statisticswith the rigid underlyingstructurewhich mustbe
inheritedfrom thedynamicsof measuring/processingapparatus.In eachcase,the
underlyingapproximationproblemis convex, leadingnaturallyto computational
methods.

On theapplicationside,ourefforts have focusedin theareaof syntheticaper-
ture radar(SAR), ultrasoundimaging,andmorerecently, speechprocessingand
speaker identification.

Accomplishments

Let �����	��

� ��������������� be a zero-meanstationarystochasticprocess. In the
mostgeneralform, secondorderstatisticsof ��� canbecastin theform of a state
covariance������������� �� � of a lineardynamicalsystem���!�#"$���&%('�)+*,��� driven
by ��� ( ".-0/2143516�7*8-0/91:35; beinga controllablepair of matrices).Fromthis
pointon, � is thoughtof asdata,while theabovelinearsystemincorporatessensor
dynamicsandappropriatefiltering.

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

�?>@"��A" � �B* � ) � � * � (1)

is solvablefor
� -0/ ;C351 . In thesamepublicationswe have shown how to for-

mulate,with thehelpof "D�7*E�F�G� � , a generalizedanalyticinterpolationproblem
whosesolutionsproduceall powerspectrafor � � thatareconsistentwith � . Thus,
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we treatspectralanalysisasan inverseproblemandthesizeof the family of so-
lutionsrepresentstheuncertainty. Suitableselectionof thefiltering parametersin"D�7* , prior to estimatingthestatistics� , canlimit theuncertaityand,thereby, sig-
nificantlyimproveresolutionandrobustnessof thespectralestimatesascompared
to prior stateof-the-art.A varietyof algorithms,which correspondto certainex-
tremalelementsof the family of solutions,have beendevised,studied,andused
in [2,8].

In order to develop a suitableapproximationtheoreticframework we have
introducedcertaininformation theoreticnotionsdistancebetween“positive ob-
jects.” More specifically, if H� and � aretwo positivedefinitematrices,IKJ �G�LH�2MC�N�=OQPSR�T&UWV2H� JYX[Z�\ H�@> X[Z�\ �]M_^
representsa notionof distancebetweenthem(thoughnot a metric). This expres-
sionis known in quantummechanicsasthevon Neumann relative entropy andis
usedto quantifydistanceandentanglementbetweenstatesof a quantumsystem.
In ourcontext, weconsidertheconvex minimizationproblem�#�`�#R�P \ba�c[dLeGf (1) is solvable

ICJ �G�LH�2M
asameansto correcterrorsof astatisticalnatureandto identify a legitimatestate
covariance� from anestimatedsamplecovariance H� .

Similarly, theShannon-Kullback-Leibler relative entropy expressionIKJhg � Hg M]�N��i0jlkm V Hg9Jhn M JoX[Zb\ HgpJYn M9> XqZb\Kg9Jhn MQM_^sr n
servesasadistancemeasurebetweenspectraldensities.In joint work with Anders
Linquistwehave recentlyshown that,for any “prior” spectralestimate Hg andany�t<u� , thereis unique

g
which is consistentwith the hypothesisthat it is the

spectraldensityfor theinput ��� with statecovariance� , and
g

is closestto Hg in the
senseof

ICJhg � Hg M . Furthermore,thesolutionof theoptimalchoice
g

is rathersimple
andcomputationallyattractive. Theuseof

I
is anaturalevolutionof earlierideas

in joint work with Chris ByrnesandAndersLindquist, e.g.,see[6]. The above
viewpoint leadsto potentially fertile connectionsbetweenspectralanalysisand
hypothesistestingandhasimmediateapplicationto areassuchasspeechanalysis
andspeaker identification.

Casestudiesin syntheticapertureradarimaging(SAR), with MSTAR data,
highlight thepotentialof theapproach:
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Figure1 shows a T-72 tank anda typical SAR imageof the vehicle. Eachline
originatesasestimatedpowerspectrumof theradarechoin therelevant“distance
bin”. Dueto thelargenumberof scatterersin thegroundmodernnonlinearmeth-
odshave hadlimited applicabilitysincethey tendto generatehigh ordermodels,
and thus, numericallyunreliable. As a consequencefft-basedtechniqueshave
so-far remainedthe standard.In contrast,our techniques,via useof specialized
statistics,allow a degreeof “focusing” andleadto low orderandmorereliable
models.

Figure1: T-72 tankandSAR-fft-basedreconstruction

In Figure, from left to right, the first imageis constructedvia nonlinearsu-
perposition(pasting)of high resolutionreconstructionof adjacentsectors.The
secondimageshowstheresultof asmalllevel of (Gaussian)smoothingto connect
contiguousscatters,while thethird displaysedgedetectionbasedon theprevious
two.

A substantialimprovementover fft andclassicalnonlinearmethodsis quite
apparent.Furtherdevelopmentof our approachcalls for a way to quantify res-
olution andtechniquesfor “optimal” designof input-to-statefilters. To this end
we needto understandandquantify the trade-off betweenresolutiongainedby
“sharp” input-to-statefilters andvariability of thecorrespondingcovarianceesti-
mates.Following upalongtheselinesis a key directionin our project.

Therangeof potentialapplicationsarequitenumerous,rangingfrom general
time-seriesanalysis,speechidentification,to arraysignalprocessing.On theap-
plication side,we plan to completeour on-goingeffort in SAR imaging. Also,
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in collaborationE. Ebbini (Universityof Minnesota),we planto completeanon-
goingeffort to applyhighresolutionmethodsin non-invasivetemperaturesensing
usingultrasound(intendedfor heat-treatmentof internalorgansin variouspatho-
logical conditions).Briefly, thetemperatureof tissuecorrelateswith theaverage
spacingof scatterersandtherebyaffectsthereflectedechoof anultrasoundprob-
ing signal[?]. Thus,the temperatureis encodedinto a subtlefrequency shift of
variousharmonicsin theecho—hencetherelevanceof high resolutionanalysis.
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