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SI GNAL DETECTI ON BACKGROUND The present invention rql ates %
passi ve signal sensing and signal processing, and'nore particularly, to
si-gnal processing incorporating signal tracking,.estimtion, and renoval
processi ng .usi ng maxi mnum a posterioru and sequential signal detection
nethods 5 Si gnal processing hardware and software has inproved to
th& point where it is very difficult, if not | npossi bl e, for sonar
operators to nmanually detect and track all desirable signals that are

avail able. Traditional signal detection and estinmation process- es are

achi eved by the integration of spectral bins at constant frequency over
sone time period T. This approach results in poor estimation of the
paranmeters associated with 10 signals that do not exhibit pure tonal
chaacteristics. Furthernore, an underlying processing assunption has been
that there always exists a signal in the input data. However, this
condition cannot always be guaranteed in applications in which the input
data is often noise-only. To circunvent this discrep- ancy, in an existing
maxi mum a posteriori (MAP) processing system devel oped by the 15 assi gnee
of the present invention, the decision regarding the presence of absence of
a signal was deferred until the line Iinking and clustering stages. This
design was con- ceived with the assunption that noise tracks (signa
absence) woul d not be successfully linked and clustered and therefore woul d

eventual ly be R ehy, Cnr) R ~S R e desired signal
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an acceptabl e performance. Th| s 5 means that the MAP processing nust be
ext ended beyond its original bR o include signal detection |logic
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characterize uﬁﬂwms@nsiavmdoyrda&sgemlymlpasivﬂigmlmﬁgmhdmwor si gnal
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5 Signal processing hardware and software has improved to the point where it is

very difficult, if not impossible, for sonar operators to manually detect and track all

desirable signals that are available. Traditional signal-detection and estimation process-

es are achieved by the integration of spectral bins at constant frequency over some time

period T. This approach results in poor estimation of the parameters associated with
10  signals that do not exhibit pure tonal characteristics.

Furthermore, an underlying processing assumption has been that there always
exists a signal in the input data. However, this condition cannot always be guaranteed
in applications in which the input data is often noise-only. To circumvent this discrep-
ancy, in an existing maximum a posteriori (MAP) processing system déveloped by the

15  assignee of the present invention, the decision regarding the presence of absence of a
signal was deferred until the line linking and clustering stages. This design was con-
ceived with the assumption that noise tracks (signal absence) would not be successfully
linked and clustered and therefore would eventually be purged, thereby effectively
accomplishing the desired signal detection. Unfortunately, this preconception has



;,(pfa), and perfance sensitivity to input spectral statistics. This has
caused problens in selecting correct thresholds to yield desired detection
per formance. SUMVARY OF THE | NVENTI ON 15 The obj ective of one

aspect of the present invention is to provide a system and nethod for

aut omati ng signal tracking, estinating of signal paraneters, and extraction.
of signals fromsonar data to allow férther processing of the data for the
detection of weaker signals. This processing is based upon the maxi mum
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repeated unti l the entire subwr ndow set (i nput band) is processed. Then 35
t he subw ndows, now with @ﬁgF JoNgoved, are reconbined to
f orm anot her input band. 'S aggregat procedure represents one
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'What has been done in the present invention is to improve the existing process

25 by combining the Short and Toomey MAP processing with considerable additional pro-
cessing logic. The MAP processing provides a track output of the signal which is used
as a guide or template to provide optimal spectral integration on an unstable or frequen-
cy varying line. This one aspect of the present invention has adapted the MAP process-
ing to the task of signal tracking, estimation, and removal. Processing in accordance

30  with this aspect of the present invention comprises the following.

(1) The present system and method partitions the input band into frequency
subwindows (sub-bands). For each subwindow, the strongest signal is tracked, its
parameters are estimated, and then the signal is normalized (removed) from the subwin-
dow. This is repeated until the entire subwindow set (input band) is processed. Then

35 the subwindows, now with their strongest signals removed, are recombined to form
another input band. This aggregated procedure represents one processing pass. In the



a 3 dB bandwi dt h, and a signal normalization bandw dth for paraneter
estimation and S|gnal track normalization, respectively. The present system
and net hod uses two parabol as (eft and right) to:nsure a good bandw dth
estimate for signals with skewed (nonsymetric) spectral densities. 15
Furthernore, the present invention 8rovides for a system and net hod t hat
adapts the MAP processing to sequen®ial detection, a problemthat is beyond
t e capa- bility scope of the Short and Tooney al gorithm for tracking
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advant ag eservible sodutionatsaek i{on afinactiontheneof) chmtaims sxgnalaudlolse-only data. In
addition, for the purposes of detecting weak signals, the present procedure also includ-
25  es “no decision” as an alternative in order to allow signal energy to build-up over con-
secutive time periods to provide for sequential detection.

The purpose of this aspect of the present invention is to decrease the processing
load subsequent to the signal detection stage. By shifting the erroneous detection
elimination process to the signal detector, the load on the signal track time-linking and

30 track management functions is decxeased, which provides for processing of a higher
volume of valid detections.

This improvement provides an additional system flexibility over the conven-
tional system where detection was performed on each time segment of data and the
track is classified either as signal or noise. Thi$ detection methodology inherently pro-

35  duces a large number of false alarms, rather than risk a missed detection. The rationale
behind this is that false detections can be removedby subsequent signal processing,
whereas if the detection threshold is set sufficiently high to eliminate a good portion of




.10 ily undood with reference to the follow ng detled description taken in
conjunction with the acconpanyi ng drawi ngs, wherein |ike reference :
nuneral s designate like struc- tural elenents, and in which: FIG 1 is a
bl ock diagramillustrative of a systemand nethod in accordance with the
principles of the present invention that includes partitioning, signal
tracking, 15 signal estimation, S|gnél renoval , track nmanagenent, and
sequential signal detection procedures; FIG 2 shows data useful in
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Ref erring t prodedumts;awi ng figures, FIG 1 is a bI ock diagram of a processing

system 10 and net (MaTe) present
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FIG. 7 illustrates an mtegrauon method in accordance with the inveation;
FIGS. 8-10 illustrate three conventional bandwidth measurement methods; and
FIG. 11 shows a bandwidth measurement method in accordance with the
invention.
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DETAILED DESCRIPTION ~
By way of introduction, the Short and Toomey algorithm is a multi-dimensional |
maximization search process that always yields a track of energy, among all other pos-
sible tracks of energy, as its global solution in the frequency-time space. This algo-

30 rithm, however, can only find one solution per application. Furthermore, it contains no
intelligence or logic to distinguish whether the arrived solution represents a genuine
signal track or just a sequence of sporadic noise energy. On the other hand, signal pro-
cessing using this algorithm has been demonstrated to yield superior performance over
other known algorithms in tracking a wide variety signals having different frequency

35 dynamics. The present signal detection system and method makes use of the Short and
Toomey algorithm in a signal tracking environment, and augments it with additional



device 19 are coupled to the signal processing conputer 20 in a
conventional manner. 10 The met hod 10A of the present invention may be

i npl emented as a programthat runs on the conput ér-20, or may be fabricated
as a customintegrated circuit to formpart of the system 10 that

i ncorporates the logic of the conputer program The nethod 10A will be
described in nore detail wth respect5to FIGS. 2-11 below. FIG 2 shows
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On the other target detecuon systems and methods employing the Short
and Toomey algorithm would only detect the strongest signal (signal 44 illustrated asa
'darker line and hence a stronger signal) out of all of the signals shown. More impor-
tantly, signals 41, 43, 45 and 46 are not detectable by detection systems employing
either the conventional time-integration or unaugmented Short and Toomey algorithm.
30 The present system 10 and method 10A operates as follows. the data is parti-
tioned 12 and the first partition 31A is selected 13. The Short and Toomey algorithm is
applied to the data 30 and produces the first track 41. The two disjointed sections of
the track 41 are integrated to produce the track 41. The total energy of the track 41 is
determined and is thresholded with reference to two thresholds. A lower threshold is
35 indicative of an energy below which is considered noise, and an upper threshold indica-
tive of an energy that is a target. The energy band between the two thresholds contains
possible targets, and the present invention optimizes the selection of the threshold levels
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of the detected signal tracks 41,42,44,45 and 46, in the partitions 31A to
35A to the detected signal tracks 41, 42, 44, 45 and 46, in the partitions
31B to 35B. This will be described in nore detail below Basically, by
conputing various signal paranmeters 10 associated with each signal track
the present invention is capable of Linking data fromone franme to the
next, thus providing the ability to fetect and track targets continuously
fromfrane to frane. The signal tracking portion of the present invention
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al gorithm ﬁ% - t| ons 31A— 35A allows tracking of signals 41,42, 43,
ervvr se

44 and 45. onI - naI 44 woul d have been detected vvrthout t he
i solation to th@hpaﬁg!liﬂtq?é Sm MW&MMWﬁMMCt s
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proces ovrd s for nultr Si det egtion trackrn for
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25 Because the input frequency band is subwindowed to provide isolation between

multiple signals, a single application of the Short and Toomey algorithm to the parti-
tions 31A-35A allows tracking of signals 41, 42, 43, 44 and 45. Otherwise, only sig-
nal 44 would have been detected without the isolation to the partitions since the Short
and Toomey algorithm detects only the strongest signal in the data set. Therefore, this
30 subwindow processing provides for multiple signal detection and tracking, one for each
subwindow, for each application of the MAP algorithm 14a thereby dramatically
increasing processing efficiency. FIG. 5 illustrates another example of this concept in
which the subwindow boundary provides isolation to the partitions as such that both
the high signal-to-nose ratio signal and the low signal-to-noise signal are detected and
35 tracked simultaneously with one application of the MAP algorithm 14a. In the situation
where the subwindow boundary does not provide isolation to the signals (FIGS. 3 and



estimate (two parabol a bandw dth curve fit,..one for the signal 3dB
bandwi dt h and one for the signal track .normalization bandwi dth). The
purpose for the signal paraneter estimation is, asiides from target
classification, to provides signal track features.on which the |inking or
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(% 25  aries are indicated by dashed lines, high signal-to-noise ratio signals are indicated by
solid lines, low signal-to-noise ratio signal are indicated by gray lines, and normalized
signals are indicated by white bordered in black.
Multiple pass detection and signal normalization of high and low signal-to-noise
ratio signals is as follows. In pass 1, high and low signal-to-noise ratio signals occur-
30 ring within the same subwindow are processed. The present processing method first
tracks, estimates, and removes a high signal-to-noise ratio signal. After the first pass
where he high signal-to-noise ratio signal has been removed, the present processing
method repeats the process of tracking, estimating and removing the low signal-to-
noise ratio signal. In FIG. 5, since the high and the low signal-to-noise ratio signals
35  are separated by subwindowing, the detecting and trackmg of the two signal are
accomplished in one pass.



The processing in accordance with the preset nethod inproves the
traditional nmethod by using the track output of the MAP al gorithm 14a as a
guide or tenplate for integration of the spectral bins. Consequently, using
the present invention, the output integrand of the input signal spectral
density is undistorted by the integration process, 10 resulting in a gain
in anplitude only and inproved det ect8 on probability. Inproved bandw dth
estimation is achieved by the present nethod as is explaln- ed bel ow. For

reference, thr eqﬁ@wﬁgﬂgﬁm&@m digtohtidn) F1 GS. -
8-10. FIG 8shows first con ntlo od erelntheb dw dth is *
defined as Smesgng g °Bﬁ‘igﬂt°"6'h Qﬂ‘ﬁg‘w jﬂ'&/mrsecond
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25 One of the most significant finding resulting from the models (see Appendix B)
is that in most cases of interest such as in the noisc-only and moderate to high signal-to-
noise ratio conditions, the resulting pdf's (Probability Density Functions) of the under-
lying statistics of the MAP generated track integrands, on which signal detection deci-
sion are based, exhibit Gaussian-like characteristics. With the results from simulations,
30 the detection performance, i.e. the pd and the pfa, can be determined for a given
threshold. Conversely, for a given pfa requirement as in a constant false alarm detec-
tor, the appropriate threshold and the corresponding pd’s for various signal-to-noise

ratio can also be obtained.
The sequential signal detection process 18 provides for improvement of the

35  detection performance of the present system 10 and method 10A with multiple observa-
tions (input samples). The purpose of this sequential detection process is to improve
detection probability of low signal-to-noise ratio signal which had been tracked by the



t hreshol ds, a desired detection performance |evel of the system 10 and
met‘hod 10A of 5 the present invention independent of the nunber of input
observations. In general, a procedure for testing a binary hypothesis
([err]) for a sequen- tial detector is as follows. *For a given observation,
one of the three decisions is made. These decisions are decjding [err], or
deciding [err], or deferring decisiog until the next observation. Thus, a
deg%5|on i s made sequentlally at every observation epoch. If 10 ei t her one
of the fir WO dec|S| I s, made rin bservati o he rocess
term- nat@%: W&?Wgs’@ ?‘Egﬁgﬂmﬁa@ }E@@&f‘;\iﬂt
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S 25 linking and clustering in the downstream track management function. In achieving this,

models have been developed from which the conditional pdf’s, as in binary detectors,

of the signal-plus-noise and noise-only MAP outputs are characterized. A significant

conclusion is that these pdf s exhibit Gaussian-like characteristics for most signal-to-

noise ratios of interest.
30 Thus there has been described a new and improved system and method that

provides for improved target signal tracking using improved signal tracking, estima-

tion, and removal techniques employing maximum a posteriori processing algorithm

and sequential signal detection. Itis to be understood that the above-described embod-

iment is merely illustrative of some of the many specific embodiments which represent
35  applications of the principles of the present invention. Clearly, numerous and other

arrangements can be readily devised by those skilled in the art without departing from

the scope of the invention.



- The -details of the signal processing nethod 10A of the present invention
are as follows. First, the input frequency band is divided into. frequency
subwi ndows (part i - tions 31A-35A). This is acconplished by partitioning the
i nput frequency band into 5 frequency subw ndows for the current
processing pass. Since the MAP algorithm l4aa tacks the strongest signal,
partitioning provides a nmethod for detldkt | ng | ow signal to noise ratio
targets by isolating themfrom stronger neighbors. The partitioned subw n-
dow of data is the input to the siABENDIXKAng 11 portion of the method -

Fori= 1.7 for subid s B deiiatail a4 npasgsﬁ%fﬁ?ﬁ&%& ack'as

subwi ndow_wi aompws\@m\mmm-emmmm& dnmm -h) =

I NPUT _BAND( t 0

details oD( g‘u&ﬁ?%%??ﬂnd%gs P aI or thm 1§aa are a iows The MAP

al gorithn?14 ency sy UEE'BWngltth © curent m& ital

Foulrjl grl t ranuhcksﬂ:(:ﬁiﬁgeslﬁm panthioning provideszemethod far decesting low signal ’
robabi l it tPh

Eu?l i tnggﬁ?grﬁﬁ%&%ﬂrﬁ &ﬂ%ﬁ% s aéégasei%ﬁim @Pﬁ'

out pu dewiof data is method gam-re

funcl?t i onal | y iélgchieven ubing the oG tppocedtiret Ne set of prior transition

pr obabi | ml es. O%n_e t{) siti on pr obabi [ t| es are probabilities that favor
t he detecYion gle]rator specified signal type and rejects all others.
The input to thefddsdbwimglow_width251, SUBWINDOWe WIDTH((npassyragni t ude dat a

contained in X(tf d qum?g ut_band. An
i nternedi ate resul)i{‘d& %%%Ql nerfahth'{a‘k ransition— %?gg?ﬁ'hhﬁ"w ect or
Y(t,f). From thi s X(utsubwindow avidth) s INPUT_BAND.indexyade for a gl obal naxi -
mum The gl obal ngxdfgem i s used as a starting point to trace back using the

i ndex vegjior as |nd| cator for transitioning back in tine through the
data to determ ?he 30 maxi mum track, TRK(t). The specific algorithm

used in the precEBerSUBRWINDOW: WIDTH(Apassy: Y(t,f) = X(t,f) + Max [Y(t-1,

Irnmep%).: ![Ogig;g%%&en%b fihle hg&if ?{"1"“9%%3{‘}’8. n anpgpﬁsis(j%ﬂ%%nﬁﬂde at

time bint a select a traclinatime series pfdigital Fourier
probabi lity i:'hﬁﬁ'ufnﬁ lhéwh{chlahxhﬁuku@a proﬂzdbﬁﬂy'eﬁfehﬂo%ﬁﬁié of

signal ag,fupcly "W a scalar Fack quality humba® The maximim value of track
quahty is associated with an output MAP track. Thus, each MAP track and its related
track quality are functionally dependent on the input data and the set of prior transition
probabilities. The transition probabilities are probabilities that favor the detection of an
or-specified signal type and rejects all others. The input to the MAP algorithm
25 14ais the spectral magnitude data contained in X(t,f), a subwindow of data extracted
form the input band. An intermediate result is contained in a transition probability
index vector Y(t,f). From this intermediate result, a search is made for a global maxi-
mum. The global maximum is used as a starting point to trace back using the index
vector as an indicator for transitioning back in time through the data to determine the
30 maximum track, TRK(t).
The specific algorithm used in the present MAP algorithm 14a is:
Y(t.0 = X(t,f) + Max {Y(t-1, f+n.p) + log[P(np)]}, pl < np < p2
Y(t,f) : MAP cost function at time bin t and frequency bin f.
X(t.f) : spectral bin amplitude magnitude at time bin t and frequency bin f.
35 P(np) : transition probability from frequency bin f+pl1 to f+p2.
TRK(t) : Frequency track of signal as function of time.
T: time segment length in bins.



F: .frequency wdth in bins. X(tf) : spectral bin anplitude magnitude at
‘“time bint and frequency bin f. TRK(t) : Frequency track of signal as
function of time. ALI(-ALI _WDTH ALI_WDTH) 5 The pseudo code that
is representative of the processing nethod of the present invention is:
Initialize frequency bin for tine bin =1. forf= 1, F tenp2(f) = X(1,f) 10
endf or save old cost vector for f = 41T for f = 1,F tenp 1(f) = tenp2(f) 15
endfor for f = 1, F initialize index array to zero, max to | argest negative

nurber y(t-1,f)=0 rpnﬁ.equ | oop through transitional
probabr Iltles for 'FE co le I ndex i_ndex = + np check bounds 25
i F( (index [err] 1) bi q°W5m@ﬁ%#Wm%ﬂﬁ&%P?W f.vector

tenp2(f) = tenp 1( mue«) Frequenpynaasémgmas/meﬁunmast max if( temp2(f)

> max) then 30 : enp2(f) update index y(t-1, f) =np
endi f 355 ALI( - h‘ﬁm r construct new cost vector

The pseudo code that is representative of the processing method of the present
invention is:
Initialize frequency bin for time bin = 1.
forf=1,F
temp2(f) = X(1.f)
10 endfor
save old cost vector
forf=2T
forf=1F
templ(f) = temp2(f)
15 endfor
forf=1F
initialize index array to zero, max to largest negative number
yit-1,£)=0
max = MAX_NEG
20 loop through transitional probabilities
for np = -NP,NP
compute index |
index=f +np
check bounds
L 25 if( (index 2 1) .and. (index < F)) then
form temporary cost vector
temp2(f) = templ(index) + P(np)
test cost vector against max -
if( temp2(f) > max) then
30 update max o
max = temp2(f)
update index
y(t-1,f) =np
: endif
35 endif
endfor
construct new cost vector



12 tenmp2(f) = max + x(t,f) endfor endfor initialize max to | argest negative
nunmber max = MAX NEG 5 forf=1,F test for global mninmm
if(temp2(f) > max) then imax = f max = tenmp2(f) 10 endi f
endfor initialize track to global max bin TRK(T) = imax decrenent through
time 15 fort=T,2,-1 formtrpgk fromindex array TRK(t-1) = .
TRK(t) + y(TRK(t),t-1) endfor. The acoustic line integration portion of the
present nethod 10A conputes 3&5_20 sg( of frequency bins centered around
the MAP frequency track fi6PPaHe=IH:HE g}hent. The resultant integrand is =
contain in ALI(-ALI _WDTndfdr W DTH), where ALI_WDTH is a presel ected

I ntegration width. TRis~Ntegrand is used in subsequent processing as wll
be described bel ow. The steps of this, conputation are: for ali =

- ALl W DTH, ALI W Deitializeanax to lasgest negative numbezmax = MAK NEG 25

t=1 endf os. Paraneteforgstiijfati on i s acconplished using three sets of data:
(1) the spectral ma rilit e.subw ndow data, X(t,f); (2) the Acoustic Line

| nt egrand, ALI (al i")’s,(a UMM | ack output of the MAP al gorithm 14a,
TRK(t). 30 Si gnalif{cemp2(f)i>amax)therer f or red as foll ows The center bin
in the ALI integrand ALI (; cont ai ns the accunul ated accunul ated acoustic
energy along the signal track. The integrated energy in the center bin,

ALI (O), corresponds to an obsax F&mpdBsure- ment output fromthe MAP

al gorithnqpl4a, operating epgifacousti c spectral magnitude data, X(t,f). The
signal track energy, A*_I O, is a randomvariable (and has a different 35
density function tha | nput due to the nonlinearity of the MAP

al gorithm 14a) by ihitialize track to global max bin

TRX(T) = imax T N
decrement through time '
15 fort=T,2,-1
form track from index array
TRK(t-1) = TRK(t) + y(TRK(t),t-1)
endfor.
The acoustic line integration portion of the present method 10A computes the
20 sum of frequency bins centered around the MAP frequency track for one time segment.
The resultant integrand is contain in ALI(-ALI_ WIDTH:ALI_WIDTH), where
ALI_WIDTH is a preselected integration width. This integrand is used in subsequent
processing as will be described below. The steps of this computation are:
forali = -ALI_\;\_IID’I‘H. ALl WIDTH
ALI(ali) = ), X(tali + TRK())
25 t=1
endfor.

Parameter estimation is accomplished using three sets of data: (1) the spectral

magnitude subwindow data, X(t.f); (2) the Acoustic Line Integrand, ALI(ali); and (3)
the track output of the MAP algorithm 14a, TRK(t).

30 Signal detection is performed as follows. The center bin in the ALI integrand
ALI(0) contains the accumulated accumulated acoustic energy along the signal track.
The integrated energy in the center bin, ALI(0), corresponds to an observed measure-
ment output from the MAP algorithm 14a, operating on acoustic spectral magnitude
data, X(1,f). The signal track energy, ALI(0), is a random variable (and has a different

35  density function than the input due to the nonlinearity of the MAP algorithm 14a) by the
virtue of its corresponding random input. The input data, X(t.f), contains either signal



virtye of its corresponding randominput. The input data, X(t,f), contains
ei t-her signal 13 plus noise, or .noise. Atest is nade against a
detection threshold to determ ne the pres- ence or absence of a signal
before any further processing is perfoenmed. The rrethod for determ ning the
value for this threshold may be found in A Papoulis, "Probability, Random
Variabl es, and Stochastic Processes",1dew York: McGrawHill, 1965. 5
Detection is made using the follow ng equatlons ALl (0) > Detectlon

Threshol d: 'Im +oml\581§e Qﬁd{ﬁ'&g&h@t&
oI se; se(’Jlet ec The bandvmhgmh est |_ﬁ'§te |g de as

Threshol d; tl onﬁf%
fol ows. W ERCa@F absence of asign Any, Syrtheg Processing iy ped

tT Ee bandw didetefiini evmemctafstmesmomag%ea‘oumﬁa.@apaﬁmrmmty rrate f

r r t. n r
T i B S T IR 15
are joi ngd Retestion iymadeusing the follawinpequatines.| ef t handed bandvm dth is
bt d foll 0 [
foed s the seart! ALK >”°?%“9{‘1“‘§§*‘?‘g}:§?““; E?.“"*H"Fg‘tff““gw@?h(lé eft
edge. Al search pag i on ¢l B‘df?g afsﬁe current

m ni mum ?cous- t %ebhﬂhwidﬂt@ﬁhﬁt&is‘tﬂde&sfdm rmmm@mofuﬂb&legg@gtngmhn, t he
current frequenc SOCI LN t he

I ndi cat or p?%%ﬁw Q%&%%M%‘b@#iﬁ?%

PEAK 2 mCTmurqtcestmnts "p‘luemwesﬁmmmbehgm themmsuc hnemmmndoone

perturbatio %P %iﬁin%
pr ocedu- 20?(§.th€l ste are a vvs De |ne mn = ?

m.nfind = OJOWtaEBmmonpmntat -for ali = -1, (1-ALl_WDTH), -1
if(minfind = 0) rmecef(mnué@baﬂdvﬁd:ﬁamdbmmwaifmembpeﬂ@bf(mthdo'ﬁku’iélid@rr]

i n ZATI (al PR A, & Sed & shd ptlnepotieia bl Yor th signal bandwidts
15 leftedge. All search parameter are initialized to zero: min, the current minimum acous-
tic line integrand value (spectral magnitude); left_bin, the current frequency bin associ-
ated with the min variable; minfind, the indicator preventing further updating of an
adaptation parameter PEAK_2_FACTOR, prevents premature bandwidth edge detec-
tion due to perturbations in the acoustic line integrand, ALI(ali). The specific procedu-
20 ral steps are as follows. Define

min = ALI(0)
left_bin=0
minfind =0
. Then,
. 25 for ali = -1, (1-ALI_WIDTH), -1
if(minfind = 0)

if { (ALI(ali) > Bandwidth threshold) and
(ALI(ali) < PEAK 2 FACTOR*min) }

if (ALI(ali) < min) then
30 min = ALX(ali)
' left_bin = ali
endif |
else
minfind=1
35 endif

endif
endfor



35 . endi f endif endfor 14 The right handed bandw dth
Is obtained as follows. The description is identical to the I eft handed
bandw dt h, substituting right for left Define mn = ALI(O right _ bin =05
mnfind = 0 Then, for ali =1, (ALI_WDTH - 1) |f(mnf|nd 0) if
(ALl (ali) > Bandwi dth Threshol d) and ) (ALl (ali) .
[err] PEAK 2 FACTOR*m n)} if (ALI(aH%?err] mn) then mn = ALl (ali)

right _bin = ali endif 15 el se m nfind=1 endlf endi f endf or

200 Lef t bEeemighthandedbandwidth is obtained asfollews. cThadeseription is ideaticaln -
order to pr%maeﬁmamﬁmesusmﬁvgﬂgmaqe&rmcy bi n beyond the

initial search above Is tes | ower energy is found is this new bin,
an interpolation is melin 5 n the two bins. If the energy is higher, a
parabol a fit is perforright_bint=h0t he ori gi naI bin and bin energy using the
foll ow ns procedure. 25. O ali_left = ALI(left_bin) if (ALI(left_bin
-1) < ALF(left _bin)) t left = (ali_ Ieft + AU left bin -1))/2

left _bin = left_blken, 0.5 endlf 30 The right bandwi dt h bi n

| nt or pol at i on ;Eoﬁiffofmmgﬁ TN Dy o R e Tert bandwidi
if { (ALI(ah) > Bandwidth Threshold) and
10 (ALI(ali) S PEAK_2_FACTOR*min) }
if (ALI(ali) < min) then
min = ALI(ali)
right_ bin = ali hd
endif
15 clse
minfind =1
endif
endif
endfor
20 Left bandwidth bin interpolation is performed as follows. In order to provide a
more accurate estimate, one frequency bin beyond the initial search above is tested. If a
lower energy is found is this new bin, an interpolation is made between the two bins.
If the energy is higher, a parabola fit is performed with the original bin and bin energy
using the following procedure.
25 ali_left = ALI(left_bin)
if (ALI(left_bin -1) < ALI(left_bin)) then
ali_left = (ali_jeft + ALI(left_bin -1))/2
left_bin = left_bin - 0.5
endif
30 The right bandwidth bin interpolation is performed as follows, and is identical
to left bandwidth interpolation above.
ali_right = ALI(right_bin)
if (ALX(right_bin +1) < ALI(right_bin)) then
ali_right = (ali_right + ALI(right_bin +1))/2
35 right_bin =right_bin + 0.5
endif



if (ALI(right_bin +1) < ALI(right bln)) then ali_right = (ali_right +
«ALL(right _bin +1))/2 35 Co right b|n:r|ght bin +
0.5 endif 15 A two parabol a-left and right curve fit and 3 dB bandwi dt h
estimation is per- forned as follows. For the right handed bandw dth assune
a parabola of the formy = ax2 + b. Set b = ALI(0), the maxinum of the
parabol a at the peak of the acoustic I ne int egrand 5 y = ax2 +
ALI (0). Next solve for a, where a = %/ AL (0) )i A [err] From t he rlght

baffdwi dt h bin int oI at i oV L ht_bin

and a = (ali_rig laﬁ)?mﬁwléﬂ"% %%Bb%gg@\teﬁ p%r a and
b and sol vi rfgrmﬁdaasrfallmbszl Forahe rightdhantied ban dllk:Bsume:apamholaofd(et@npy -

ALI (0)) (right_bin)[egrtix? f,all _right - ALI(O)) The 3 db bandw dt h :
calculation js nmade as T Qws. The s Efiﬁ Pti}l te hapdw dth used to
added in tr kb rALIO). theqaaximpmof theeaﬂ‘g a %?‘FR“SF%I%WW‘]&S y =
0.5*ALI (§), the halz%k;Am(m,t. Substituting in the equation for x above,

x3dB(ri ght 5?&% 5*ALI (0) - ALI(O0))(right _bin)2 / (ali_right -
ALI (0)) [er err](right hand) = {(ALI(0) * right_bin *
ri ght _bi n)/[2*(ALI(ﬁ)):(y-aALKO)gm%]}[err] 20 Simlarly for the left hand

par abol a, /Nltgl&ﬁ)a bin * left_bin)/[2*(ALI(0) -
al i Ieft)]}(i?(érﬁlﬁl %%dg‘a&é IS t Sum of the left hand and right
hand 3dB bandwi dt hsy sl sght ford s aght b “{:(ALI(O) * left_bin *

left_biny/[ 4adALI (O - ali_left)]} [err] + [(ALI(O) * right_bin *

ormalt 2ati o banaoR m s SO AR 2C0 oo 1o one. TS signal
bandwi dt h eSubstitbiing in foszand hantbsolving the panabolaequation for xyieldsn f or
B dapt ati on B;?aWQ?LrLE&%&%‘é | AR ONien] Min® (B8 f@M&E@”&url ng testing
was 1.15, which is Eagddbb MW@“R@X%@Q%\}% made as;follgws. “The signal paranjeter
BWIHRES1 $u b%hhdw&ﬁme& fo AdtRd ¢hltradking ard ¢lassifying a signal. The 3dB point is defined
as y = 0.5*ALI(0), the half power point. Substituting in the equation for x above,
x34g(right hand) = {(0.5*ALI(0) - ALI(0))(right_bin)2 / (ali_right - ALI(0)} 122,
Simplifying,
x3dB(right hand) = {(ALI(0) * right_bin * right_bin)/[2*(ALI(0) - ali_right)] }1/2.
20  Similarly for the left hand parabola,
x34p(left hand) = {(ALI(0) * left_bin * left bm)/[2*(ALI(O) ali_left)]}172.
The 3dB bandwidth is the sum of the left hand and right hand 3dB bandwidths above:
bandwidth = {(ALI(0) * left_bin * left_bin)/[2*(ALI(0) - ali_left)]} /2 +
{(ALI(0) * right_bin * right_bin)/[2*(ALI(0) - ali_right)] }1/2,

B 25 The signal normalization bandwidth edge calculation is made as follows. This
signal bandwidth estimate is used in determine the extent the region for performing sig-
nal track normalization. The signal edge point is an adaptation parameter BW_THRES.
A typical value for BW_THRES during testing was 1.15, which is equal to the noise
level plus 15%.

30 y = BW_THRES
Substituting iri the equation for x,
Xsignal_edge(right hand) =
{(BW_THRES - ALI(O))(righ;_bin)2 / (ali_right - ALI(0)} 12,
Similarly for the left hand parabola,
35 xsignal_edge(left hand) = :
{(BW_THRES - ALI(0))(left_bin)2 / (ali_left - ALI(0)} /2.



[err]signal edge(right hand)= {(BWTHRES - ALI(0))(right_bin)2 / (ali_right
- ALI(0)}[err] Simlarly for the | eft hand parabola, 35

[err]signal edge(l eft hand) = (BWTHRES - ALI(0))(left_bin)[err]/(ali _left -
ALI (0)) [err]. 16 The conputation for the frequency estimate conputes
the average frequency (expressed in b&ﬁs) of detected signal tracks using
the MAP track output, TRK(t), and the“fiunber of time bins in the track, T.
This frequency estinmate is defined by: T frequency = [err] TRK(t). [err] 5

The conput ati on f The tompitationfion the frequenaystimatecofmpuies dresaverage fioquency of x

??t ?gge'([jos![ %@Wt r azg %&%r esen@iﬁgwfm@ﬁ*n mense

The met hod | the ke Rbip freguency estimate ixdefispd by equat i on:

frequency rate = err] CZ(il_ m 10 where C2(t) is tinme bint of the
vector C2, as fol 1 )}— (HH[err] H Jerr] 1 T The

frequency mninmumis defi neo"bs the m ni num frequency bi n of the signal

Lracklc Slhsm | arl y, Thé Corhputaicii Yoy hpeasin thigrheqotnty ratestimnae d mLixs)wauéétedluenCy
in of the si, tgac 0

fort= 1,T Mi‘g"l'?zﬂf'fés me’éhﬁﬁf?@rﬁ? adfhiEhl @%Wﬁﬂ?&‘m«t)

i f( TRK(t) >mmm¢mmmmmsmmnmmmmy ghdffeer. The
stability of * &Eﬁ% @g hadead as the difference between the
frequency 20 max mum an -i&-lre uency m ni mum plus one (expressed in
bins), and is congeg cylj' t@g I‘@z@pm(gn stability = frequency_maxi mum -
frequency_m ni me+ 1. The siggnal to noise ratio estimate i s nmade as

foll ows f t track,iLs umed tQ.contain a signal, then ALI(0) is
gi ven byld mw‘)”ﬁﬂ"f(w’ ats'E ﬁg"’&' ?F@wsl' and the signal to noise

ratio is deflned by: 1 2 ~

(& ]-omw, -

. 1 T
The frequency minimum is defined as the minimum frequency bin of the signal
track. Similarly, the frequency maximum is defined as the maximum frequency bin of
the signal track. These values are determined as follows.
15 fort=1,T
if( TRK(t) < frequency minimum) then frequency_minimum =TRK(t)
if( TRK(t) > frequency maximum) then frequency_maximum =TRK(t)
endfor. '
The stability of a signal track is defined as the difference between the frequency
20 maximum and the frequency minimum plus one (expressed in bins), and is computed
using the equation:
stability = frequency_maximum - frequency_minimum + 1.
The signal to noise ratio estimate is made as follows. If the MAP track is
assumed to contain & signal, then ALI(0) is given by:
25 ALI(0) = (signal + noise)*T,
and the signal to noise ratio is defined by:
signal_to_noise_ratio = signal/noise = (signal *T)/(noise*T)
= (signal *T + noise*T)/(noise*T) - (noise*T)/(noise*T),
and accordingly,
30 signal_to_noise_ratio = ALI(0)/(noise*T) - 1.



signal _to_noise_ratio = signal/noise = (signal *T)/(noise*T) = (signal *T.+
,nofse*T)/(noise*T) - (noise*T)/(noise*T), and accordi ngly, 30

signal _to noise ratio ALI (0)/ (noise*T) - 1. 17 Assuming that the input
acoustic data X(tf) has been spectrally normalized;, the noise estinate is
assuned to equal to unity. Wth this 9he denon1nator is sinply T, the
nunber of tinme bins multiplied by uni}y The signal to noise ratio is given

by%ﬁ'Si gnal _to _noiseratio = ALI(0)/T - 1. 5 The si gnal rem)val
function is adapt a@girRingShER ViR 13 'a%@duc@ﬂﬁ@( Ha§b9€ﬂ§fe&€ﬁl ﬂﬁﬁ{

has been found, the tragk d fr.o e Qbser datgso at |t does
not i nt er f er BOKE eSHDRAtEIS ASS 1, yoity- this, the simply Tetheey ed

in the fol |l opambermfininme tins mﬂ@he@bﬁnhwdmmmwmmmhoid giveroby:i S

acconpl i shed by s n sige -ALl_WDTH,” ALl _WDTH) equal
to the inverted aggﬁéslrﬁ’ ?I B nt é‘g“?@ﬁ ;S\LI( ALl _WDTH, ALI_WDTH and

mul ti pl yiShg by thzhmgnﬁmovalﬁmnmmdmedmwymmahmcamsdem for
ali = -ALl Vb%htrﬁil&ha‘é\%o% Qﬁémuﬁ&r&eﬁd& e 2 @%Mgdoes
endfor. In order to norrrts ze the Si EﬁWTRK L) IS used as an
i ndex for ap?ﬂtwwﬁf%% ﬁﬁﬁpc'?ﬂ?r% Hgtq?Gé% Bashisked:igthe follow-

| b

magni t ude d [err]signal edge(left hand) rb = [err]signal

X iy =“§?f') fﬁﬁwﬁa&gﬂ"ﬁé&ﬁ?.zer 3P hobh TR ik . onaf o 25

The sigri@ reigoabin ml@ltmemvpnedmdndlme further
processi ng. 3 tREI H%f'lﬂﬁ’é"’ in
t he procedurge <rs1at \r,¥8 dow i's rei nserteg nto tthe I nput band.

Aft er msert‘?‘Bﬁm ﬁé"g'ﬁ?ﬂk O¥S be further processed by partitioning
the I nput band i nfop ali eWATIOWIDTHN\ALIL 'WIDTHSf r equency subw ndows procedure at

'El_he begi nning of t h% gngﬁBbrm%'zé'(dlﬁ _alcPAﬁy(gﬁi) by the 30 procedure: for t=1,
15 endfor.
In order to normalize the signal, the track, TRK(t) is used as an index for apply-
ing a signal normalizer to the subwindowed spectral magnitude data, x(t,f).
Ib = Xsignal_edge(left hand)
b= xsignal_edge(ﬁght hand)
20 for t=1,T
for trk=TRK(t) - Ib, TRK(t) + b
X(t, k) = X(t, trk)* signal_normalizer(trk - TRK(t))

endfor
: endfor.
- 25 The signal normalized subwindow is inserted into the input band for further

processing. After the signal track is normalized within its subwindow in the procedure
above, that subwindow is reinserted into the input band. After insertion, the input band
may be further processed by partitioning the input band into new subwindows in the
. frequency subwindows procedure at the begmmng of the loop. This is achieved by the
30 procedure:

fort=1,T
for subwindow_width = 1, SUBWINDOW_WIDTH(npass)
index = subwindow_width +
. SUBWINDOW_START(nsubwindow,npass)
35 INPUT_BAND(t,index) = X(t, subwindow_width)

endfor
endfor.



for subw ndow width = 1, SUBW NDOWN DTH( npass) i ndex = subw ndoww dth +
*SUBW NDOW START( nsubwi ndow, npass) 35

| NPUTBAND( t i ndex) = X(t, subw ndow w dth) endfor endfor. 18 APPENDI X B
The following is provided to better understand the processing perfornmed in
the present invention. The input to the MAP algorithm l4a is a segnment of
acoustic data of Ntinme bins.in Iengthsand K frequency bins in width. In
processi ng using the Short 5 and Tooney al gorithm a MAP cost function,

one for each frequency bin of thcARPENDIXiB data is then corrput ed Bl
2N ot A féﬂ?ﬁfgﬂvﬁﬁ*@-&ﬂ%@%&%&%ﬁ%@w@%&m ihe’
MAP cost f urpsesentinyentionndhp input tosthel nsegmm]oﬂaem:snedmp@ttral

bin 10 mgmhuﬁ%ﬁmn&m%&m&éyﬁﬂymﬂ@mﬁw&aﬁ

transitignal robab|I t ro to_bin an |s the ath
transiti g rlioemey fih W‘P&FWB?AP“FFR‘WH% %58@ P
ﬁxprgssed i rﬁcengﬁkmcbﬁbuﬂmvdyﬁmﬁémmﬁﬁe@ﬁnw L)l g](c)rl Lun 14a
as been applie a t t he maxi mum of the cost
function, I[ogrr] @"?ﬁ)ﬁﬁg M@’?éa@é%mﬁga‘k?’l@% [err]

(2) and [errfj:rnsZ‘.e-tNmmhw(Y(Nh)FX(Nﬁ)deh.t XK and setiR(nik)>e jrwheos Y{Ng)r |
occurs. Nowis WetNEAPSDEL ‘m,% i vel
using a _path %Mrcanleon matri x %ﬁhﬁd “%Egnlne |oniz§’:‘§‘lﬁ y
T(n) + thnT(mesmtpéeatm b‘&k’m' rr]
Usi ng the i rEfedi BRin OTk- mmmmmmmpmmu&w Soithidinightie (alaeiuency
bin as a fun tko fé’f .t he curm tlve cuscenr alongthlstrack
is then detéﬁ 8“ "la%’ NE ] (4) [err] 25 _
where X(nT(n)) .sAﬁaehsmdﬁdMAPdmﬂmlmmwhpépnp&wmmm

[grr] fgequw@aldﬁ%mﬁa@niembwmdﬁbﬁgmﬁfdsmrmw&ufarovssr)onds to an
opbserved neasurengn
15 Vnax = Maxgy, xY(N2) @)

and kmax is set equal to the k index at which the maximum of Y(Nk) occurs. Now,
with kjox determined, the MAP track is computed recursively using a path transition
matrix, R(n,k), as shown in equation (3):
T(n-1) = T(n) + R(n,T(n)) (3)
20 forn = N-1,...,1, with T(N) initialized to kmax.

Using the information provided by the MAP track, T(n), namely the frequency
bin as a function of time, the cumulative acoustic energy along this track is then deter-
mined aoconLing to equation (4):

E= ) X(otm) @)

n=1
25  where X(nT(n)) is the spectral bin amplitude of the nt® time bin and T(n)% frequency
bin.

This resulting integrated energy, E, corresponds to an observed measurement
output from the Short and Toomey MAP algorithm 14a, which comprises a probabilis-
tic transition mechanism, operating on the set of acoustic spectral data. Based on the

30 value of E, which is a random variable by virtue of its corresponding random input, a
decision is then made in regard to the state of the input acoustic data, i.e., whether the
data contains signal plus noise, noise alone, or defer decision until next observation,
which is the basis for the sequential detection 19 implemented in accordance with a

second aspect of the present invention.
35 Derived below is a model for conditional (pdyf) of E under a noise-only hypothe-

sis. To simplify the problem, assume the transitional probabilities, p(nk/n-1k-j) for j =



output fromthe Short and Toonmey MAP al gorithm 14a, which conprises a
-probabilis- tic transition nmechani smm operating on the set of acoustic
spectral data. Based on the 30 value of E, which is a random vari abl e by
virtue of its corresponding randominput, a decision is then nade in regard
to the state of the input acqustic data, ie. whet her the data contains
signal plus noise, noise alone, or de¥%r deC|S|on until next observation,
whi ¢h is the basis for the sequential detection 19 inplenented in

ggt?rjr dgngel wil{0y1 an%qmm (];a)saemhxfofmlgrd hﬂstﬁbmdriteJ Wgﬂtl = 178 for all j. Wlith

rived be is a or .condit 1,0 nder .a noi s onl'y
hypot he- si gﬁ%s #‘ﬁ wgﬁéﬁ gq p§ '?‘

probabi liti @é’fecmgﬁlerﬁn)ilﬂe&d}oﬁthmalgmm Mcwoventhqnnmnnnn(:astfmouounoﬁor my
di stri but ed, thddifh I ‘%M% L
transition grobaby] |§l§/ﬁltﬁs;rm | %&gx uas’idci}r# h%il S efi&m nat ed Wi ] ’Q@ectl ng
the finaP r&'@F@WFﬁ? energok i ip eavation (4 fthérct i on
com puted hﬂaﬂdumbdswmﬁdeMtWM&mdﬁﬁnﬁmf&mmﬂ val ue

that of t 4 Th
g; de?er?n nlJr%g *@?mﬁmg& e nmaxi rru?n&g%? g?ﬁf} %?#‘F%Fm? ) of teRe
transfornedli:pkhhmdbcﬂhhewnﬂulmmodlmdfdm.a X(nk) and the |nterrred| ate
wittenin 2”%&."#““95?@‘#&*1?{"’"5 )Yl T e on (D can e
this eqd@tion, tHa8 thipequatign, thespecaplddataand last anssmsheright- t he
i ght - hand hahd §ide bf e§lisibh 5) ablanaéit vRARBIESTVR THeas APs bicbansfR@s@ss V' S ar e

-L[,ﬁ@i?é?dﬁﬁeégﬁh% b7 t&%ﬁgstﬁ&ﬁﬂ%z%tﬁﬁ ) "”“séen,ilma&am“n‘”éﬁie
t he pdf skofplﬂgnfcamexphd:ltgmgladelpeﬁdmmnr%eeﬂtbfy’soﬁﬁheﬁamﬂyﬁmdbpeﬁenmuat|on
5

E:oalzleﬁ[ ?ong r hE ﬁorma Lﬁ{lﬁsg cr’gl\?}ltﬁéagf%ﬁﬁmﬂ&t%he ?’lunc I on-
ally .naépemre using a cepventionabrv m&ﬁbmg%mmnssup f the/functions ar e
uncorrel at el mdﬁpemmmwmmdaﬁu@amamgwﬁﬁcﬁ&sla& Ricofehiead

be|OWtOJUStIf thi.s a In.regard t of her., dition of

bei ng uncor PPl gytg %‘M@ﬁﬂg"%ﬁ&ﬁﬁﬁmﬁ Presg FO?E -‘Pﬁké' ASSUmPet i on
Y(n-1k-j ), tiohi hmgmdmﬂmmthacomhhomdzbmﬂguﬂm}mkmeeﬁahaspeeuﬂ(ﬂam made

I ndependent AfiFth féet . éﬁa-ﬁed ﬁ%&fa; t he
pdf for thexg'fpl)l‘(’é%:tral éggs?a g?!?‘pgz)’%%bﬁag%gﬁk o) ; ne yn‘?&n) as
t he pdf 29 or made indepe tirpe,bing as inanan-onerlepping FEXe for al | frequency bins
k. Wth the abov@eﬂmy“ )wthbpwrforﬁmlspemammtx for il akad kaXisodefieues

appl i ed, f t f h t| bi err an be
expressed i _ﬁ}' ’Rgf’)n% lB% B ?fhtgg Bﬁfw g%éfoﬁﬁgglc%%é f&ﬁ?@ ﬂ&ﬂ“?ﬂr‘fa %&’Es’{t')
function of Witlethembove stated probaljilistic|properfies dfah&sefmtdaim Valugsaapplied, iiegpdfof A
Papouli's ci itbo3f¥Etion at the nth time bin ¥, can be expressed in terms of the pdf's of the
25  spectral data X, and cost function of the last time bin ¥.] as follows from the teach-
ings of A. Papoulis cited above.
Let Y = max{Yg.1, Yk, Yk41)-
If Yk.1, Yk, Yk+1, are independent, then

YY) = fy, (Y. (Vs FHY Yi)Fy, (Yis
o D)

From the above simplifying assumptions above, we have
¥, (Y1) = fri(Yi) = Hy, (Yie1)  (6D)
and
Fy, (Y1) = Fy(Yy)=+F Yol Yt1)  (60)
35 and substituting (6b) into (6c) we get,
f(Y) = fr YilFr YJFv( Yi) + Fr(Yilfri Yi)Fv( Yi) + Fri(Yi)Fy( Yi)fr( Yi)



Let. Y = max[err] If [err], are independent, then [err] 30

‘[err] Fromthe above sinplifying assunpti ons above, we have [err] and [err]
35 and substituting (6b) into (6¢c) we get, [err] 20 and sinplifying,
[err] (6d) If the rvis x and y a independent, then the density of their

sum z = x + vy, equals the convolution of their respective densities [2]
[err] (6e) where [err] is t B convol u operation. Conbining (6d)
and (6e), [err] where [err] is the cunulative distribution function (cdf)

of the rv [ cand]simplifyinigs expression in equation (6f) is exercised -

iteratively |nt|ﬂ§ﬂas 10 spondi ng MAP algorithm14a|n
equation (5) with 3¥Yﬁ§ﬁ§qgirrptions inregard to the rv's
probabi | i st i¥€ themyser endsy argipdapendent, then the densityaf theif s,z + X daf caealsither v'

are UnCOFrei@h@ﬂuusﬂaﬁm&W%Wqﬂ every single tinme step, this
manner of conputing the.pdf of the rv [err] will lead to obtaining the pdf

of [err] or E t |ntegrated MAP track
energy. In fact, rﬁﬁga ‘@m;' r}clé)[@gfmd equal to the pdf of
[err]. NS rigorous rrat mat i cal proof has been derived in support- ing this
cl ai m Howewshiere @ i die donvolation gperativn. | Combining (64 hndqbe)v to justify this.

Consi der the maxi 5 Thi s function achi eves the
maxi num expect ed @?&i 'f* ?b mw S x%%pendent rv's are

fst ati sthi cal ?hmEv;,(&l)ﬁammmedum&mmcdﬂﬁm&@m i ndi \rMect Ihy
romt eot er e Wﬁ?ﬁ t iC
case, expec :’g va mh mgunp ﬂin S q%a té)y't he expect ed
val ue oi1 & MAD thm 143 ip the assuymptions in regard o |

i denti cal as:heﬂpk aﬁﬁsﬁdmaheéqiphea,ﬁreehn tfisotionsllyintEpendentirds dre these .

B " ! PO i
al gorithm 14B°P'J°£‘E’~‘ef" oazﬁ»shmmé
frequency wifdh&tionrihintdghRéEMAP Gidk dnérgly! I8 fadd the Sdf'of Ymax of £ is indeed
15  equalto the pdf of YN. No rigorous mathematical proof has been derived in support-
ing this claim. However, a heuristic argument is presented below to justify this.
Consider the maximum function in equation (5). This function achieves the
maximum expected value if the functionally independent rv’s are statistically uncorre-
lated. This conclusion can also be drawn indirectly from the other extreme condition of
20 totally correlated rv’s, in which case, the expected value of the maximum function is
equal to the expected value of one of the rv’s. This is because these rv’s are statistically
identical as implied by their total correlation, and the maximum of these rv’s is therefore
equal to one of the statistically identical rv’s, i.e., A = max(B,C) = B, if B=C.
Now apply the modified Short and Toomey MAP algorithm 14a to a set of ~
25 noise-only acoustic data of adequate frequency width so that there exists in this data set -
a sufficiently large number of statistically independent acoustic data points on which the
algorithm operates. Then the maximum cost function ¥max or £ corresponds to a time-
frequency track which achieves the maximum attainable gain, i.e., the no correlation
condition, on its cost function at every signal iteration in time. If that is the case, the
30 pdfof Ymax or E under a noise-only hypothesis Hp, fE/HO(E/Hp), can be determined
iteratively in according to equation (6f) where all rv’s are assumed to be statistically
uncorrelated in each and every time recursive computation,
A derivation of a model for conditional pqf of E under a signal plus noise hypo-
thesis is presented below. For the signal plus noise model development, the assump-
35 tion of a statistically uncorrelated cost function embedded in the maximum function is



a sufficiently |large nunber of statistically independent acoustic data
-points on which the algorithm operates. Then the maxi mum cost function
[err] or E corresponds to a tinme- frequency track which achieves the

maxi mum attai nable gain, i.e., the no correlatioggzgondition, on its cost
function at every signal iteration in tinme. If that is the case, the 30
pdf of [err] orE under a noise-only HVpotheS|s [err], can be determ ned
iteratively in according to equatlon (6f) wher e, aII rv's are assuned to be
st i sti cal InP longesvalid insefar ps Ddirof the integrated track enesgydatfaet on. A
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hi gher track error e .extrene | aI-t ndi tion,
the track mﬁjgﬂ’ §° Yiie SUPG Wﬁgﬂ ﬁﬁa@‘%ﬁh}é‘rw | owi ng
sone unrel anememmammhewwﬂnwhmmusggnakblgraahplmmesammsmmﬂpasdt uation,
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consi der ed. Sﬁs@éw‘é‘é?q‘%ﬁms@weﬂ e B e T SR e e ASHEREA Iy Then,
based on t henMiher based dnthie MAP alzoritim péd search pathr sfahiiee binsas spevified bpd by 25
the range ol el sk Vafuek OF ek j bl bobebH 17 nd thé aBVE il B ¥Fe NS HAS O
o deviates from the actual signal track at most by plus or minus one bin for the range of
signal-to-noise ratio values under consideration. Consequently, the MAP algorithm
14a always selects, in obtaining its MAP track solution, the largest of the three frequen-
cy bins centered around the signal at each time step as the track propagates forward. If
30 this describes the actual computational mechanics of the MAP algorithm 14a, then the
integrated track energy may be obtained by summing in time the maximum bin ampli-
tude among the three bins centered around the signal as shown in equation (7).
E = Ypmax = Z max{X(n;.1), X(ns), X{ns41)} = Z zZ,

n=]1

where X(ns) is the magnitude of the spectral bin oontalmng the signal at time bin n, and
35 Zp=max{X(n;.1), X{n;s), X(ns+1))




deviates fromthe actual signal track at nost by plus or mnus one bin for
*the tange of signal-to-noise ratio values under consideration.

Consequently, the MAP al gorithm 14a al ways selects, in obtaining its MAP
track solution, the largest of the three frequen- cy bins centered around

t he signal at each time step as the t iﬁCk propagates forward. If 30 this
descri bes the actual conputational anics of the MAP al gorithm 14a, then

the integrated track energy may_ be_ obtained by summing in tine the maxi num
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noi se condition, fmrlﬂ*h&*rﬁa&%)@efu ® i ®Fg@h @) es as in non-overl apped
FFT procgssr%ethe pdf of E under t he signal presence hypot hesis [err], is

obt ai ned i n accor o X where [err] [err]
[err] 1912.9 px""q ‘qt ﬁw qual t he pdf and cdf of
[err], repectively Igiﬂ'ftl f%r s noi se and noi se
spectral bins are |ﬁﬁe‘§ éﬁ‘c x "' e| r respective

categori es, and'vehererfy,i¥es) addanuﬁxnoi) e@alnhhapdfsangrcdf ofX(rg), Téspectively.c

condition is a RoibOid Hibide
statistics, and is gr ven ymf qﬂu; ii %BE Bﬂ“ erglwagdt he
Gaussi an pdfidesttical, inth ‘F‘aﬁbém!!P&](h?MQf@Mé@ﬂﬂhs of the
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Al t hou h the derivation of the signal nodel for generating the
pdf of E is'SEYEABYi shed without the benefit of traditional nathematical
rigor, the nodel feuf{EHel=nNHZ)MedZ] (19hd accuraely, at |east i n noderate

to high si gﬂﬂieréﬂ(;ﬂ&ﬁk%é@ah&ﬁnﬂdf%fﬂ%‘aﬁh'&ﬁﬁhﬁ%@ilfrﬂm@ Of the

MAP al gorrthm 14a 1 n progess of _sign hi's conc usron may

be expl ai ne®fithe Ty £ V(¢ b%/‘héxm o fopall n = harabt eri stics
of the npdel. It m@nwwmmﬁmumdmrmmwamal -to-
noi se ratio | ncr@ﬁi fmri:o&tﬁe&r%ﬁt&'ﬁdx&nﬁe%ﬁﬁg !E ]dom B‘ance’ ?ve{ t he

noi se bins i
consistently and accurately, at least in moderate to high signal-to-noise ratios, the

underlying mathematical behavior of the MAP algorithm 14a in process of signal plus
noise data. This conclusion may be explained intuitively by examining the functional

20 characteristics of the model. It may be observed in equation (7) that as the signal-to-
noise ratio increases, the signal bin increases its dominance over the noise bins inside
the maximum function thereby producing better and better estimates. Toward the limit
of infinite signal-to-noise ratio, the MAP track tracks precisely the signal with probabil-
ity one.

25 It should be noted that two discrete models have been developed and are used in
modeling a physical phenomenon that usually occurs in continuum when transitions
from one state (noise-only) to another state (signal-plus-noise). It is inconceivable that
these two models are individually in full discrete complement for the entire range of
signal-to-noise ratio values (-ce to ¢¢) such that the signal plus noise model by itself as

30 expressed in equation (9) is sufficient in describing the entire range of signal plus noise
condition, including the low signal-to-noise ratio region.

To account for this noise track contribution in a manner that is consistent with
the MAP algorithmic behavior, equation (9) is expanded to reflect the actual maximum
selection between the population of low SNR tracks and the population noise tracks as

35 follows:

'



the maxi num function thereby producr ng. better and better estimtes. Toward
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mat hemat i cato bedettpG: qent means and vanances, equation (13) can-beraxpaid: r |

are the rreaéutarmb Fﬁ,z,a nean and

vari an &haﬁ& n | f of. err The va of t eug%s?r%ffjtggd ith

time s ul “a runni ng sum 20 [err], which

represent s the | og_ Ierlkell o II} f 0| nttﬁondl tional dpdf tf] ;)f t he
e tsHef rrpare Wi Wo

entire sanple sét Ihzie _‘g)e i
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where, ul, 1 are the mean and vananoe of the conditional pdf of E; and Hy, and uo,co
are the mean and variance of the conditional pdf of Eg and Hy.
The value of the computed ith ime segment LLR, r;, is added to a running sum
20  R;, which represents the log-likelihood-ratio of the joint conditional pdf’s of the entire
sample set. The resulting LLR, R;, is then compared with two threshold values, In(A)
and In(B), (A>B), which are defined as follows.

Pd ~{1-pd '

IfR; is exoeeding the threshold value ln(A), a detection of a signal is declared.
25  On the other hand, if the running sum is receding below the threshold value In(B), the
signal track is declared to be a noise track. Upon making anyone of these two deci-
“sions, the sequential detection terminates. However, if the LLR, R;, falls between the
two threshold values, no decision is made and the detect procedure repeats with the

next time segment’s input. This sequential detection procedure can also be expressed
30 mathematically as follows. '

<In{B) decideHj - noise track
Ri=(r + 13 +--- +5)/i 2ln{oc),decideH - signal track an -
otherwise, no decision - repeat procedure



A= [err] (15) [err] If [err] is exceeding the threshold val ue
In(A), a detection of a signal is declared. 25 On the other hand, if the
running sumis receding below the threshold value 1n(B), the signal track -
is declared to be a noise track Upon maeki ng anyone of these two deci -
sions, the sequential detection tern192tes However, if the LLR [err],
falls between the two threshold val ues, no deC|S|on I s made and the detect

procedure repeats with the next tjme segnent ut Th| s sequenti al -
detection pr ocedulfappiying this,sequential F‘%%‘%IPWS rheen suggested that the ovs. —
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consi st eny %rbet‘}%gy idqglgl ,.5 vér% )mg_nd (16).
Thi s requi renent ans the ave ge nunber tlme segmets required in the

sequential 5 test be very large and the S|gnal-to noi se ratio for the
standard signal be very snall. APRPRENDDXADTat hematlcal description of the
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observat i onsﬂ!alcendmonﬁpdf.ﬂ'mdstham krack menorgnr Eyare Gabssian-like; and st
statistig own in
equat i on (182 err] - n |se tr m - sign ﬁ%&ﬁ?ﬁ&ﬁ@
aussian t0 form multiple observations are
formed. To state this mathemaucally, define the test statistic for this detector as the
average of accumulated of E as shown in equation (18).
<In{B) decideH - noise track
Li=(e1 +e2+--- +¢))/i 2in{ax),decideH, - signal track (18)
otherwise, no decision - repeat procedure
25  where ¢; is the actual measured value of E at the MAP time segment.
Because the aforementioned Gaussian property, the conditional pdf’'s of L;, the
test statistic can be readily obtained as follows.
fi 1, (1H;) = n[Mean{ElH, ), Var(BIH; } /1] = n{it1,03 /i) (19a)
and
30 fLmdliHg) = n[Mean{ElHo),Var(EHo} /1] = nljt0,03/1) (19b)
Then, for a given pfa value of pfa, the threshold 8 with the test statistic L;, is
compared for signal absence (Hp) decision can be determined as indicated in equation
(20).

p= (%%)tﬂ“(l- Ppta) + o (20)



ot herwi se no decision - repeat procedure 25 where [err] is the actual
«neasured value of E at the MAP tinme segnent Because the af orenmenti oned
Gaussi an property, the conditional pdf's of Li, the test statistic can be

- readily obtained as follows. [err] ' (19a) and
30 [err] (19b) " Then, for-a given pfa
val ue of pfa, the threshold [err] wi tBSthe test statistic [err], is
conpared for signal absence ([err]) decision can be determ ned as indicated
i n>®quat i on wRé, erf-tis the inverse error function, and th¢ @dYr functith isidefined gsfoligws:s t he
I nverse error function, af the error function is defined as follows:

erf(x) =[err] erf(xf) z)dyar(ay) for a specified pd value of
[err], the threshold w Whl cr‘; the test statistic Li is conpared for the
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APPENDIX E
Y(t.f) = X(t,f) + Max {Y(t-1, f+n.p) + log[P(np)]}, p1<np<p2
Y(t,f) : MAP cost function at time bin t and frequency bin f.
X(t,f) : spectral bin amplitude magnitude at time bin t and frequency bin f.
20 P(np) : transition probability from frequency bin f+pl to f+p2. '
TRK(t) : Frequency track of signal as function of time.
T: time segment length in bins.
F: frequency width in bins.
X(t,f) : spectral bin amplitude magnitude at time bin t and frequency bin £.
25 TRXK(t) : Frequency track of signal as function of time.
ALI(-ALI_WIDTH:ALI_WIDTH)

Lo=0
i=0
30 loop over time segments unit signal or noise is detected
do while signal_condition_flag = -1
i=i+l _
Short & Toomey pseudo code
Initialize frequency bin for time bin = 1.
35 forf=1,F



X(tf): spectral bin anplitude nmagnitude at tine bin t and frequency bin f.
25 TRK(t) : Frequency track of signal as function of tine.

ALI (- ALl _WDTH: ALI_WDTH) LO=0 i=0 30 | oop over tine segnents unit’

signal or noise is detected do while signal _condition_flag = -11i =i+l
Short & Tooney pseudo code Initializgg requency bin for tinme bin =1. 35
forf=1,F 26 tenmp2(f) = X(1,f) endfor save old cost vector forf=2,T 5

for f=1,F tenpl (f) = tenp2 e for f=1,F initialize index any to
zero, max to |argest negg?‘i’éé) nmgi 10 y(t-1, f)= 0"
max=MAX_NEG | oop t hemdfigh transitional probabilities for np=-NPm NP 15
conput e index i ndgye sidlcost vabiof NECK bounds if( (index >= 1) .and. (index <=
F)) then formtenporaré_y cost vector 20
tenmp2(f) = tenp 1(ifR! >62’T P(np) test cost vector against max if( tenmp2(f)
> max) tsen update nmax gexf=tFenp2(f) 25 updat e i ndex
temp1(f) = temp2(f)
endfor
for f=1,F
initialize index array to zero, max to largest negative number
10 yt-1,f) =0
max=MAX_NEG
loop through transitional probabilities

for np=-NP,NP ~r

15 compute index
index =f+np
check bounds
if( (index >= 1) .and. (index <= F)) then
form temporary cost vector
20 temp2(f) = templ(index) + P(np)
test cost vector against max
if( temp2(f) > max) then
update max
max = temp2(f)
25 update index
y(t-1,f) =np
endif
endif
endfor
30 construct new cost vector
temp2(f) = max + x(t, f)
endfor
endfor
initialize max to largest negative number
35 max=MAX_NEG
for f=1, F
test for global minimum



y(t-1, f) = np endif endif endfor 30 construct new cost vector
temp2(f) = max + x(t, f) endfor endfor initialize max to l'argest negative

nunber 35 max=MAXNEG for f=I, F test for global m ninmm
27 if( tenp2(f) > max) then imax = f max = tenp2(f) endif 5
endfor initialize track to global max bin TRK(T) .= i max decrenent through
time for t=T,2, -1 10 formtragk fromindex array TRK(t-1) = TRK(t)
+ Xg TRK(t), t-1) endfor conpute track energy to be used for sequenti al
detection logic for ali = - fckenIBH I DIHT E = [err] X(tali +
TRK(t)) 15 [ery eng [err] [err] [err] 20 if [err] In(
[err] ) then signalLcondition fl ==
max = temp2(f)
endif
5 endfor
initialize track to global max bin
- TRK(T) = imax
decrement through time
fort=T,2,-1
.10 form track from index array
TRK(t-1) = TRK(t) + y( TRK(t), t-1)
endfor

compute track energy to be used for sequential detection logic
for ali = -ALI_WIDTH, ALI_WIDTH

T
E=) X(tali+ TRK(Y)

15 t=1
end
Li=Lj1 +EA
B; = Bo/sqrt(i)
cej = ceq/sqri(i)
20

if Lj <In( 8; ) then signal_condition_flag =0
else if Lj > In( cej ) then signal_condition_flag =1
else signal_condition_flag =-1
. endif :
25 end while loop.



“else if [err] In( [err] ) then signal _condition_flag =1 el se
signal _condition flag = -1 endif 25 end while loop. - Wiat is

claimed is: 1. A signal processing nmethod (10A) for passjvel T e
novi ng targets characterized by the steps of: stori nH &“&H[mﬁ‘“ata
signals indicative the frequency and th me of arrival Al argets to
provi de stored data signals; 5 processing (12) the stored data

signals using a ces ing l\/.vi.ndow conprising a first time frane having a
pr edet er m ned fr%%tr'r% it and tine extent to process a predeternm ned .-
subset of the stored data signals; partitioning (12) the processi ng w ndow

into a plurality jof | . ' 3;%’1‘5%%@ cting
(14) a st rongest I%%&@%ﬁvg%&?ﬁﬂ%ﬂﬁgﬂg bw n usﬁggt;&gé&naxi mm a
posteriori gheeetatized byithe stepsef; ng (15) and renoving (16) the strongest |ine
of signals detectsgingl I)eceneddafadipHalsindicRivetbe fréguendy ind tirde of fFval oFt | |

all lines have . ,been detected and,r.enoved, fromthe sel ected subwi ndow, and

15 m9ydng targets tpprovide stored datasignals: | a1 | subwi ndows have been
processefl; associpabsessing (12) teastared data signals usingaqirecéssing ednddve coinprisinga

lines of th e ' g@m”ﬁi fr %ﬁl:l‘lé}%{i& . ﬁg&¥ een
ei ther det e%%s%%@ﬁ% marn g?dng as po eﬁ?ﬁgﬁ“?ygé‘ 3; corr?:)gri ng
(18) lines predetcmminedsubsetofdhe siored datasignals; ar get s with continui ously 20
adj ust ed t hr eshol glaidopinda 2y e pockdshig WindbWatod litalinh6r sEBriddwed as
potential targets or be _purged.as noi trac si gnal | i.n 19) .an, operat or
of the presence ()"Fleﬁt"i&agg)ef%{"iﬂ" E’P‘i‘g'é?‘@ﬁ"ﬁﬁ@oaﬁg’é%ﬁ? gﬂé?‘ﬁ%’@ﬂ“‘g& ‘
char act ¢0i sthesibwindow usingaadzxymenwpasteriori poceduree fr equency, |ine .
frequency bandw i ' : : e
nmovi ng targets asléﬂﬁgggg tlles? §n ‘iraclﬂe@ {éﬁ%ﬁ%ﬁgo%gtrlg%coorfs}%‘ﬁ%?hﬁ?@gzn %‘P -
potential tasnbwindowz The nethod (10A) of Claim 1 wherein the step of
integrating and rgpahgtheldenid sspamal all ing Habe B ttettddand hahevddSrdm €d by
t he steps of; %g%?qﬁl Bg@%ﬁ) a, noi se-only statistic for each subw ndow t hat
defi nes proé@% B 284 e considered to be noi se; and 5
settingl§16A) a |repeating thedastdire stepsumtihall subvdhdoveslaveboer pracessed; e- onl y
statistic to associating (17) based on line characteristics the detected lines of the current
time segment to line tracks that have already been either detected as targets or
maintained as potential targets;
comparing (18) lines that have not been declared as targets with continuiously
20 adjusted thresholds to determine whether they should be maintained as potential targets
or be purged as noise tracks.
signalling (19) an operator of the presence of a target having predetermined
operator-defined characteristics, i.e., signal-to-noise ratio, line frequency, line
frequency bandwidth and line frequency rate; ~
25 whereupon the moving targets are passively tracked and the operator is notified
of potential targets.

2. The method (10A) of Claim 1 wherein the step of integrating and removing
the strongest line of signals is characterized by the steps of:
computing (17) a noise-only statistic for each subwindow that defines
processed tracks that are considered to be noise; and
5 setting (16A) a lower threshold value with reference to the noise-only statistic to
achieve a predetermined false alarm rate.



achieve a predeterm ned false alarmrate. *C L M S 29 3. The nethod
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arrival of gihe Mggﬁmﬁ@m@w ored data si gnal S;

2 b ocessing w iAPE:D R e gt ‘&*ﬂh&e%@g?lsa*g% SnEZ.' "
f requensy anﬂmmwbhmeﬁamxnerdertqﬂemcbcwgetwwenﬂmﬁmn@wbset of the

ol ural ity 3@2‘8@“5‘ gl vile O i sl I E3muiMA S s °

det ecti ng (seeond: ﬁ'@méﬁgest line of signals within the subw ndow using a
nmaxi mum a posteriori procedure; integrating (15) andrenoving (16) the

Stepsuntil a3 ecao CRUAYPrdhEts win R Obtmaried by e P ok o0 o
subwi ndow; and rseqeeitially ndving thelodeﬂufeshstdapaiuamtallbweﬁralmin\nrddMIs have
of & | ar goroRapiiT i CosP AL e i s B BB RRE TE O DYt eet 2O
wher eupon ‘the noving-targets are passively tr acked and the operator is
notified 20  ofg PSipRAllpradestifg Gfffatatus (10) for passively tracking moving targets
. characterized by:
memory means (11) for storing received data s1gnals indicative the frequency
and time of arrival of moving targets to provide stored data signals;
5 computational means (20) for:
processing (12) the stored data signals using a processing window comprising a
first time frame having a predetermined frequency extent and time extent to process a
predetermined subset of the stored data signals;
partitioning (12) the processing window into a plurality of subwindows;
10 selecting (13) a subwindow and detecting (14) the strongest line of signals
within the subwindow using a maxzmum a posteriori procedure;
integrating (15) and removmg (16) the strongest lme of signals detected in the
subwindow;
repeating the last two steps until all lines have been detected and removed from
15  the selected subwindow; and
repeating the last three steps until all subwindows have been processed; and
means (19) for signalling an operator of the presence of a target having
predetermined operator-defined characteristics;
" whereupon the moving targets are passively tracked and the operator is notified
20  of potential targets.




J .C.L M S * 30 7. The apparatus (10) of Caim®6 wherein the neans for
I ntegrating (15) and renoving (16) the strongest line of sitgnals is

characeri zed by: nmeans (17) for conputing a noise i1 Bk or each -
subwi ndow t hat defines processed signals that ar emﬂmmm?mu‘mw!& noi se; -
and 5 means (16A) for setting a | ower threshotd walmes )
reference to the noise-only statisti0to achieve a predetenined false alarm
rate. 8. The apparatus (10) of Cdaim7 which is further characterized by: .

means for sequent-i The 3ppamis d0} ofClais 6 whertin theomenns fouistegmting|(45)and/al ue iw
order to NbefoRing @é@@ﬁ mtﬁﬁh%gs@hﬂg cting the signals.

det e
9. The apparatu aimpb6 which i furtheirgrs%- terl zed by: neans
for processing r f&af%{nm /N0 M me in

accor dance dfmhspﬂueeqsecbﬁmsmgtaeemmddeﬁoaxmoisg amll neans for l i nki ng the

signal lines det 5. det ect ed
in the §econd IIM ﬁg%% %*%%@W“&aﬂh%&ikbsw “F
frequency, m&mmmumdemm@ fadselarputiatee of the signal |ine deternined

fromthe first and second tine frames. 10. The apparatus (10) of Claim?9

wherein the nea or integr an A t he stronge | i ne of
signals is char ert-bP (il{»é%%g"‘f’l ?'F 2‘8‘”}9& e-only

statistic for eMUMMﬁmMMMwMM&@MbWMﬁcWG

consi dered &? &&?@n gﬁ%l ng a | ower
ﬁ]n si

threshol d val'ue w re rence 0 e n0| se- on y to achi eve a

predeterm ned fal se alarmrate.

9. The apparatus (10) of Claim 6 which is further characterized by:
means for processing received data signals comprising a second time frame in N
accordance with the processing steps of Claim 1; and
means for linking the signal lines detected in the first time frame with the signals
5 detected in the second time frame in order to detect a target based upon the frequency,
bandwidth and the integrated value of the signal line determined from the first and
second time frames.

10. The apparatus (10) of Claim 9 wherein the means for integrating and
removing the strongest line of signals is characterized by:
means (17) for computing a noise-only statistic for each subwindow that
defines processed signals that are considered to be noise; and
5 means (16A) for setting a lower threshold value with reference to the noise-only
statistic to achieve a predetermined false alarm rate.



