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C h a n n e l  Sens i t ive  Processor :  
Sens i t iv i ty  a n d  O p t i m i z a t i o n  S t u d y  

G.  Haralabus 

E x e c u t i v e  S u m m a r y :  Matched filter methods are used ext.ensively in Low 
Frequency Active Sonar (LFAS) systems for target det,ection purposes. The 
conventional matched filter has become the standard met,hod of choice because 
it is a robust technique independent of the nature of t,he medium. However. 
it has been shown that in a shallow water environment,, due to dense mul- 
tipath conditions, the performance of this detection scheme is significant,ly 
degraded. The Channel-Sensitive Processor (CSP) was designed t,o improve 
the performance of the classical matched filter by inc~rporat~ing inf~rmat~ion on 
propagation conditions. 

The purpose of the present report is to present a ~ensit~ivity analysis of the 
CSP processor. As CSP utilizes a priori information about the acoustic cham 
nel, it is important to investigate the degree and extent to which the medium 
affects detection performance. The channel parameters which are examined 
are: the source (or target) range and depth, the sound velocity profile, t,he 
sediment-subbottom interface, and the sediment thickness. It has been found 
that the processor is more sensitive to  the geometric than to  the environmental 
parameters. When the correct parameter values are utilized, the CSP clea.rly 
outperforms the conventional matched filter. However, when there is a signif- 
icant degree of mismatch between the actual parameter values and the ones 
assumed by the processor, the performance of the CSP is inferior t.o t,hat of the 
matched filter. To overcome this problem, the CSP method has been utilized 
in conjunction with two global optimization algorithms based on the simulat,ed 
annealing algorithm. These algorithms are able to search efficiently large con- 
figuration spaces which can not be explored exhaustively. It has been shown 
that ,  although qptimization methods cause an increase of the processing time, 
they reduce the channel mismatch effect and improve considerably t,he detec- 
tion performance of the CSP. The next step is the application of the CSP 
detector to real data.  The project is expected to  be complet,ed by the end of 
1997. 
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Channel  Sensi t ive Processor: 
Sensi t ivi ty  a n d  Opt imiza t ion  S t u d y  

G.  Haralabus 

Abstract :  

The detection performance of the Channel-Sensitive Processor (CSP) has been 
tested in dense multi-path conditions. It was demonstrated that, for a known 
propagation channel, the CSP outperforms the conventional matched filter 
technique. However, in an uncertain environment, the probability of detec- 
tion decreases according to the degree of mismatch between the assumed and 
the actual channel characteristics. It was found that the processor is more 
sensitive to geometric parameters (source range and depth) than to  environ- 
mental parameters (sound velocity profile, sediment-subbottom interface, sed- 
iment thickness). To overcome the performance degradation due to channel 
mismatch, the CSP method was utilized in conjunction with two global opti- 
mization algorithms: the classical simulated annealing (SA) and a multi-layer 
simulated annealing (MUSA) method. At the expense of processing time, it 
has been found that the optimization methods reduce the channel mismatch 
effect and improve considerably the detection performance of the CSP. 

Keywords: Matched Filter (MF), Channel-Sensitive Processor (CSP), sen- 
sitivity study, global optimization, Simulated Annealing (SA), Multi-layer Sim- 
ulated Annealing (MUSA). 
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Introduction 

Active sonars make extensive use of matched filter methods for t,a.rget detect.ion. 
The conventional matched filter scheme is independent of the geoacoustic chara.cter- 
istics of the channel, and therein lies a good deal of its a.ttra.ction. However. it. 11a.s 
been demonstrated [1],[2],[3] that due to dense multipath conditions the ma,tched 
filter output can be so distorted that the induced detection results have a low de- 
gree of confidence. One way to overcome this problem is by incorpora.ting existing 
information about propagation conditions in the detection algorithm. A detection 
algorithm based on this idea is the Channel Sensitive Processor (CSP)  141. The 
detection performance of the CSP is not only improved compa.red to t>he tra.diti0na.l 
matched filter, but also this performance enhancement is valid in both a white noise 
and a reverberation limited environment. However, it wa,s observed that  when the 
assumed geometric and geoacoustic parameters of the medium are different from the 
actual parameters, the performance of the CSP is significantly degraded. 

The purpose of this report is to examine the sensitivity of the CSP processor to  
environmental conditions, and propose methods to  overcome this problem. Param- 
eters which control the sound propagation in a waveguide, such as sound speed 
profile (SSP), sediment-subbot tom inierface, sediment thickness, source range and 
source depth, have been considered. The influence each parameter has on the CSP 
is examined separately and in conjunction with the rest of the parameters. Also, 
as the precise knowledge of the propagation channel is an unrealistic assumption, it 
is important to  propose processing schemes which compensate for the environmen- 
tal mismatch. Usually, this is succeeded by using global search methods, i.e., time 
efficient algorithms which search the parameter landscape to locate the parameter 
set which characterizes best the propagation environment. Two methods of this 
kind that  have been successfully applied to underwater acoustics are the simulated 
annealing (SA) and the genetic algorithms. For programming convenience with the 
simulation set up used here, the former scheme is employed. SA is coupled with the 
CSP to compensate for the lack of a priori knowledge of the medium. 

This report is organized in the following way: Section 2 describes the configuration 
of the experiment. Section 3 gives an overview of the CSP and its comparison with 
an incoherent matched filter (IMF) technique, and the classical matched filter ( M F )  
method. Section 4 analyzes the sensitivity of the CSP to  environmental mismatch. 
Section 5 is concerned with the utilization of global search in matched filtering and 
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focuses on optimizing the performance of the CSP. Finally. roncl~~sions iind iclta,s for 
improving upon the proposed methods are presented. 
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Simulation configuration 

The SNAP [5] program has been used to create a range independent acoustic chan- 
nel, subdivided into a 100 m water column, a sediment layer and a semi-infinite 
subbot tom. As a result of the downward refracted, Mediterranean summer SSP's 
which are used here, dense multipath propagation conditions are induced. The 
waveguide is assumed to be homogeneous in azimuth. The source is placed at TO m 
depth and 1300 m from the receiver which is situated at 65 m depth (see Fig. I ) .  
The transmitted signal is an LFM pulse centered at  57.5 Hz with a 200 Hz bandwith. 

The sensitivity study for the environmental parameters co~nprises 7 va.riations of a 
baseline SSP, 3 different sediment-subbottom interfaces (silt-sand, sand-gravel, and 
gravel-chalk), and 3 different sediment thickness ( I  m, 3 m, and 10 m) .  The location 
search grid is extended from 1200 m to 1420 m in range (12 discrete points spaced 20 
m apart) ,  and from 50 m to 80 m in depth ( 7  points spaced -5 m a.part). Therefore, the 
total number of scenarios simulated and stored (using MATLAB softwa,re program 
[S]) is 5292. 

Every case represents a new realization of the propagation channel and is character- 
ized by its own transfer function. One of these cases is chosen randomly to represent 
the real propagation channel. The "real data" pressure field is compared with the 
pressure fields generated using the remaining 5291 scenarios. Then, the detection 
performance of each processor is assessed. 
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/SSP 
Water ( 100 m 

Receiver 4 
Source 

a - 1300m 

[ ' d m  \ r l  g /cm3 Sediment 

Sub-bottom 1 
Figure 1 Simulation geometry (izot to .s.cnle). 
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Matched Fi l ter ing Techniques 

This section describes the matched filter techniques applied in this study. The 
matched filter is a linear time-inva.riant filter designed t,o nla.ximize tlie peal< pulse 
signal in the presence of noise [7], [8] i.e., 

lfo(t)I2 - l f 0 ( t m ) l 2  A = max - - 
n%t> fl 

-- 

where t = t ,  is the optimum observation time, and n = ~ z i ( t )  denotes the mean- 
squared value of the noise (independent of t) .  

For an LFM transmitted signal [9] with spectrum S ( w ) ,  and additive whit,e noise 
with spectrum 

the general expression for the matched filter output can be written a.s [4], ['i] 

where G(w) is the transfer function of the channel, and H ( w )  is a general expression 
for the transfer function of the desired matched filter. 
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3.1 Conventional Matched Fi l ter ( M F )  

For the conventional matched filter algorithm, the filter transfer fullrtioil is inde- 
pendent of the propagation channel and can be written: 

Combining Eq. (3)  and Eq. (4), the expression for the h4F output becomes: 

3.2 Incoherent Matched Fi l ter ( I M F )  

Incoherent matched filter methods (IMF) differ from the cla.ssica1 M F  in tl1a.t they 
are based on more than one observation of the received signa,l. The output of the IMF 
filter, instead of being the maximum correlation value, is an incoherent summa.tion 
of a number of maxima points of the correlation sequence of the tmnsmitted a.nd the 
received signal. In order to  select the maximum and the secondary maxima, values 
the user should specify criteria such as the noise level threshold, and estima.te the 
time-spreading of the transmitted signal to  avoid combina.tion of peaks from different 
returns. Other variations of the IMF scheme instead of summing individual pea.ks are 
intergating the matched filter ouput over high-correlation time windows. Because in 
the window integration method there is a significant tra,de-off between signal peaks 
and unwanted noise spikes, the present study uses the former, incoherent summation 
technique. In general, IMF is an intuitively meaningful and pra.ctica1 scheme without 
particular theoretical treatment. 

The transfer function of the IMF filter can be written in the following form 

H(w) = S*(w)[exp(jwtl) t . . .exp(jwt,) t . . .exp( jut iv)]  

NATO UNCLASSIFIED - 6 -  
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where t,, = t ,  - t l ,  t,, = tw  - tl  

3.3 Channel Sensitive (Matched Fi l ter)  Processor (CSP) 

The CSP is a channel sensitive t,ype of matched filter technique. The Itlain cl1a1.a~- 
teristic of this filter is that  the transfer function of the ('SP includes the traiibfer 
function of the medium, i.e., 

H(w) = kG*(w)S*(w) exp( jut,) 

and the CSP output can be expressed as 

For more details adout the derivation of these formulas, refel to [1]. 

3.4 Discussion 

The detection performance of a receiving system is calculated hy determining the 
probability of detection and the probability of false alarnl for a given signal to noise 
ratio (SNR). This detection performance is presented graphically by plotting Re- 
ceiver Operation Characteristics (ROC) curves. In these curves. the probability of 
detection is plotted versus the probability of false alarm for different thresholds [lo]. 
Figure 2 shows the ROC curves for the MF, IMF (four peaks considered), and C'SP 
cases for SNR=-23 dB. All cases have been created under precisely known propaga- 
tion conditions (matched case). Overall, the CSP defines the upper limit of detection 
performance in matched filtering. IMF and MF have similar performance. with IMF 
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ROC: detection performance 

' 0  0.3 0.3 0.4 0.5 0.6 0.7 0.8 0.B I 
Probability of False Alarm 

Figure 2 IiOC' plots of the thrcc ,filtcrs,i.c., :\I/<', l:Mh1, nrzrl C5'l'. /rz a16 cases thr 
propaqrrtiorz chnnn,cl pc~ranactcr.~ nrc X : I ~ O ~ I ) I Z  ( t i z~ i t~I~ ,cd  CUSPS) .  

llavirig higher propa,hility of detection tl1a.n bIF for increasing probability of false 
alarm. In the  riext f i  sectioris. t he  detection performance of tlie C'SI' processor i n  a.n 
11 ncerta.in environment ( mismatched case) will be cotnpared with the  performance 
of tlie classica,l ME' (lower hoond) a.nd with t he  performa,nce of tlie ('SI' for the  
matched case ( 11pper bound ). 

I n  deriving tlie above forn1ula.e it has keen a.ssumed tha t  the ma.in noise source is 
ambient noise. However. provided t.hat t he  reverberation spect 1-11 m reta.ins a lligl~ 
degree of correlation with the  power spectr~rnl of t he  transmitted signa,l [ l  I] !  t h e  same 
form11la.e are  va.lid for a. reverberation limited environment [ . I ] .  'l'his is a, pa,rticularly 
interesting res~llt  as wlieii processirlg sigiials c o r r ~ ~ p t e d  with reverheratio~l,  the  SNlt  
cannot be improved hy increa,sing t he  power of the  transmitted signal. 'I'he C!SI' 
nlethod call however itnprove the SN I{. by cornlining coherently acolrstic sound fields 
propa,gated a.long different pa.ths. 
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Geometric and environmental 
parameters sensitivity 

As shown in Eq. (8), the CSP method uses the transfer function of the channel 
to increase the correlation between the transmitted and the received pressure field. 
Conseq.~ently, the discrepancies between the modelled and the a.ctua1 trawfer func- 
tion have a direct impact on the detection result. This section focuses on evaluating 
the performance degradation of the CSP algorithm due to mismatch between the 
"real" and the synthetic propagation channel. The uncertain parameters consid- 
ered here are: source (or target) range and depth (geometric parameters), SSP, 
sediment-subbottom interface, and thickness of the sediment layer (environmental 
parameters). The sensitivity of the CSP processor to  channel parameter mismatch 
has been examined separately for each parameter. ROC plots have been created for 
each case and are compared to  the ones from the MF and CSP (matched) cases. 

4.1 Source (or target) range and depth 

Knowledge of the experimental geometry implies source or target localization in a 
passive or active sense respectively. The sensitivity of the detection algorithm t o  
the source (or target) range and depth depends on the algorit ilm itself, the envi- 
ronmental conditions, and the deployed systems (vertical or towed arrays, buoys, 
etc.). Detection performance in shallow water is affected mainly by the multipath 
propagation conditions and the interaction of the acoustic field with the channel 
boundaries. Acoustic rays arriving a t  the receiver from different paths create such a 
complicated interference pattern that small changes in range or depth significantly 
alter the overall received pressure field [12]. The ambiguity surface shown in Fig. 3 
compares the performance of the conventional M F  with the CSP result, and serves 
as an initial indication on how sensitive the CSP technique is to  uncertainty of the 
source (or target) coordinates. Figures 4 and 5 show the ROC curves for the range 
and depth mismatched cases respectively. In both cases the detection performance 
of CSP is significantly degraded. This can be attributed mainly to  the complicated 
multipath pattern of the propagated sound field which changes significantly as a 
function of range and depth; yet another demonstration that  target detection and 
localization is a very complex task in shallow water. 
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Ambiguity surface 

Figure 3 Ambiguity surface of the ratio of the CSP and the MF detection output. 
The maximum CSP-to-MF gain is approximately 8 dB while the mas CSP-to-MF 
mismatch reduction is approzimately -5 dB. 
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ROC : depth mismatch case 

CSP (depth mismatch) --> 

0 0.1 0.2 0,3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Probability of False Alarm 

Figure 4 ILOC plots for perfornannce cornpar-isorz be.tqueerz the nzatclaed 
thc depth naismatchcd case C'SP, nrzd the !LI'F' processor. 

ROC : range mismatch case 

case 

-0 0.1 0.2 0.3 0.4 0.5 0.6 0.,7 0.8 0.9 1 

Probability of False Alarm 
Figure 5 1LOC plots for performance compuriso~z between the rnatched 
the rnnge mi.snaatched case CSP, and the M'F processo.r. 
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4.2 Sediment-Subbottom interface 

In a shallow water environment, sound interaction with the seafloor has a strong 
influence on the transmitted pressure field. Therefore, in a sensitivity study the 
bottom structure becomes important. 

Average Transmission Loss 

Range4.3 Krn 
Source depth=70 rn 

Figure 6 Avemge water column transmission loss us frequency for all three 
sediment-subbottom interfaces. 

Conventionally, the seafloor is best described using a geoacoustic model which pro- 
vides information about the water mass above the sediment, depth-dependent values 
of both water and bottom density, and the speed and the attenuation of both com- 
pressional and shear waves. In the present study, three types of sediment-subbottom 
interfaces with different properties have been considered: a) silt-sand, b) sand-gravel, 
and c) gravel-chalk. The first two are typical continental terrace interfaces generated 
from terrigenous sources. The third is a rock-type acoustic basement which covers 
ocean plateau, and seamounts [13]. 

The sediment in cases a) and b) is considered to be a "soft layer7' and is frequently 
modelled as fluid (supporting only compressional waves). On the contrary, the 
sediment in c) posses enough rigidity to  be modelled as elastic (supporting both 
compressional and shear waves) [14]. The shear wave affect (a low-frequency mech- 
anismwhich dissipates acoustic energy from the water column through sound in- 
teraction with the bottom) increases monotonically with sediment thickness and 
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camp. wave speed comp. wave atteizzratioi~ dc~zsity 
Silt 1575 ( m l s e c )  1.0 ( d B / X )  1.7 ( k y / ~ i ~ 3 )  

Sand 1650 ( m l s e c )  0.8 ( d B / X )  1.9 (k9/1113) 
Gravel 1800 ( m l s e c )  0.6 ( d B / X )  2.0 ( k g / r 1 1 ~ )  
Chalk 2400 ( m l s e c )  0.2 ( d B / X )  2.2 (kg/1i73) 

Table 1 Geoacoustical parameters used for modelling silt. snizd, ymzlel, crnd chnlk 
interfaces. 

decreasing frequency [15]. As here the frequencies of interest are greater than 0..5 
kHz and the sediment thickness is always equal or less than 10 nl, the shear speed can 
be disregarded. Table 1 summarizes the geoacoustic properties of the three bottom 
types [14]. In each, the maximum sediment thickness is 10 nl which corresponds ap- 
proximately to three wavelenghts. As shown in Fig. 6, for every sediment-subbot tom 
interface examined the average water column transmission loss is constant over the 
frequency band of the transmitted LFM signal. Therefore, for demonstration pur- 
poses, the propagation contour loss plots shown correspond only to the central fre- 
quency of 575 Hz. 

Figure 7 shows twelve modes for each case. Although the first six modes behave 
similarly for all surfaces, the high order modes are able to penetrate only the "soft" 
sediments. 

Figure 8 shows propagation loss contour plots for all three cases. The "soft", sound 
absorbing silt-sand terrain has the highest propagation loss values. On the contrary, 
the rigid, sound reflecting gravel-chalk surface has the lowest values. 

The ROC curves for the sediment-subbottom mismatched case a,re shown in Fig. 9. 
The detection performance is degraded relative to  the matched case but is superior 
to  that  of the cl tssical MF. 

4.3 Sound Speed Profile 

There are invariably discrepancies between measured and actual SSP'S. Depending 
on whether the processing method relies on precise or average  measurement.^ of the 
SSP, such inaccuracies could significantly affect the experimental outcome. 

The CSP method used in the present analysis is based on the waveguide multipath 
induced by the channel geometry and the SSP. Therefore, accurate measurements of 
SSP are of foremost importance in utilizing the CSP; for this reason sound velocity 
mismatch is investigated. 
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The permutations of the SSP are created using a real profile modified by r;~ntlon~ 
variations which obey a Gaussian spectrum. In particular, t . 1 ~  generating function 
of the SSP is given by 

where po(x,) is the baseline profile, exp(-cxi) is an expoilential tern1 which controls 
the amplitude of the perturbation. Due to diurnal temperature changes and water 
mixing a t  the sea surface, the deviation of the SSP from the baseline nlodel is greater 
a t  the surface layer than at  the lower layers. The term exp( -crA ). with c constant. 
guarantees that  the amplitude of the SSP perturbation decreases monotonically wit 11 
depth. The perturbation term is defined by the formula: 

where j 2 0, 

where the water depth is L = NAx,  N the total number of points, An: is the spa.cing 
between points, F(Ii',) = F(Ii7-j)* for j 5 0, Ir'j = 2 n j / L ,  N ( 0 , l )  ea,ch time is used 
indicates a zero mean, unit variance Gaussian distributed ra.ndom number, aad 
W(1i)  is the spectrum of the distribution 

where h denotes the root-mean-squared deviation and 1 the profile's correlation 
length. 
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This method of creating random perturbation of the SSP is I,ased on a randolll 
surface generation technique described in [16]. Figure 11 \bows the seven profiles 
used in this study. Figure 10 displays propagation loss contoui plot\ for three SSP'\. 

In spite the fact that in these three cases the propaga.tion loss values are of the salile 
order of magnitude, the energy distribution changes. This change is reflected in the 
CSP output as it is shown from the ROC plots in Fig. 12. 

4.4 Sediment thickness 

In modelling a layered bottom, another parameter that should be taken into account 
is the thickness of each layer. The effect of this parameter is inversely proportional 
to  the frequency of the incident waves, as the sound interaction with the seafloor de- 
creases with increasing frequency [17]. At high frequencies. the effective penetration 
depth is in the upper few metres or tens of metres [Is] ,  [13]. In the present study. 
the bottom is modelled as a sediment layer overlying a semi-infinite subhottom. For 
the sediment thickness three values are examined, i.e. 1 m, 3 in, and 10 m,  which 
correspond to approximately 0.3, 1, and 3 wavelengths. Figure 13 shows propagation 
loss contour plots for the silt-sand interface for all cases. As espected, absorbtion of 
acoustic energy increases with the sediment thickness. Figure 14 demonstrates the 
ROC plots. It can be seen that sediment thickness uncertainty has little effect on 
the detection performance by comparison with other environmental parameters. 

4.5 Discussion 

AS expected, the CSP detector is very sensitive to propagation conditions uncer- 
tainty. For partial mismatched cases (one uncertain pa.ra.meter only) it has been 
shown that  in a dense multipath channel, the detection performance is degraded 
more for geometric than environmental parameter mismatch. As shown in Fig. 1.5, 
for total mismatched case (all channel parameters are uncertain) the C'SP detection 
performance is degraded below that of the classical MF method. 
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Figure 7 Modes (1-6, 25-30) for the three sediment types considered here: A )  silt, 
B) sand, C) gravel. 
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1 3  1 .35 
Range (km) 

Figure 8 Trarz.srnissio~z loss plots for three types of stibbottonz-sedimerzf interface: 
A )  s i l t - sad,  t3)snnd-gravel, and C') llrci~~el-chalk, 'I'hc .soulre rlcpth is 70 nt, and the 
frcque?~c!j is 5 7.5 Hz. 
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ROC : bottom interface mismatch case 

Probability of False Alarm 

Figure 9 120C plots for performance comparison between the matched case CSP, 
the bottonz mismatched case CSP, and the !t;ll: processor. 
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Figure 10 I ' r ~ i  r ~ s n ,  1.w ior, loss plots for t h  rc-r .rcjlrr,d i:c-,loc-.it!j prr),j?/(~ .r.  / ' I ? ( -  .MI / I ( / -  

1jr.nr:c.l intc-r.foc-c hcrs bt-c-n rrsc cl r~!ith ..;c-c/ir,,c-/at tlr'icX:r,c-.ss I 1 1 , .  7'ht ..;o1rr7-1- ( /(-pth i.s 70 
I , , ,  n1,cl tht f~-c-cl~rt~r,cg i.r 175 HI.  
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Figure 11 Pcrturbatiwns of the .sound speed p,rofiles. 

ROC : SSP mismatch case 
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Figure 12 ROC plots for performance comparison between the matched case CSI', 
the S S P  ,mismatched case CYI', and the MI;' processor. 
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Range (km) 

I3clow 30 33 36 39 43 45 48 5 1  54 57 60 64 66 69 Above 

Figure 13 7'rc1n.sn~i.s.sio~a loss p1ot.s for. thrcc sedirizrnt thicX:ne.s..s: -1) I m .  H )  ;I i i j .  

and C') 10 r i L .  7'he silt-snnd iiatcrfacc hns hccrz nserl. 7'hr sotircc depth is 70 nz, nizrl 
the frequrncyl is 575 Hz. 
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ROC: sediment thickness mismatch case 
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Figure 14 IiOC plots for perfomlance co,nzpari.son hetv~eerz the matched ccise CSP,  
thc .sedimclnt thickness ,nzisnzatched case C:5'1', and the M F '  processor. 
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ROC : total mismatch case 

Probability of False Alarm 

Figure 15 1r'OC plots for pcrformnncc comparisorz b r t l l ~ ~ ~ n  thr ii~atchcd cnsr (-',SIP, 
thr total ((111 pnminrtcrs) i i i~sn in tch~d  ctisr CS'P, and thc .Wk7 procrssor. 
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Global optimization 

Global optimization methods have attracted significant attentioil because they are 
suitable for locating a global extremum conceled by local estrerna in a high di- 
mensional space. The space over which these methods are applied is derived from 
discretizing a N-dimensional space with N continuously variable parameters. Typ- 
ically, the outcome is a large configuration space. with a factorially large number 
of elements that  cannot be explored exhaustively. LiIainly two such methods, and 
their variations, are successfully applied to underwater acoustics problems: a )  ge- 
netic algorithms (GA) [18], [19], [20] which areanalogous to the process of biological 
evolution and b) simulated annealing (SA) [21] which imitates the cooling process 
of liquids or metals according to the laws of thermodynamics. In the present study, 
the SA method is used. Results from a new variation of the SA. named the MTTlti- 
layer Simulated Annealing (MUSA), are presented. It will he demonstrated that by 
coupling these global search methods with the detection algorithm. the performance 
of the CSP has been significantly improved. 

5.1 Simulated Annealing (SA)  

In order to  introduce the SA scheme, but most importantly to explain its modified 
version, MUSA, it is necessary to  outline how simulated annealing works. The 
method of SA [i!2] is an  analogy with the process of freezing an11 crystallization of 
liquids, or the cooling and annealing of metals. The mobility of n~olecules at  high 
temperatures is lost when the temperature decreases. When the cooling process is 
slow, the atoms assume the form of pure crystal which is the minimum energy state 
of the material. On the other hand, when liquids are cooled quickly they assume 
an amorphous, polycrystalline state of higher energy. The probability that a system 
in termal equilibrium a t  temperature T has energy E is given by the Boltzmann 
probability distribution 

where k is Boltzmann's constant which relates temperature to energy. So. even a.t 
low temperatures the system might be at  a high energy sta,te. The n~ethotl of SA 
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utilizes nature's own minimization principle: the search for the global illininlunl 
should not be rapid and monotonical to  the closest minima. Instead, it should have 
the freedom, with a small probability, to  escape from local nlininla and 100li for the 
absolute minimum solution. 

SA is applied to  the detection/localization problem in the following may: 

1) Search space discretization: the five parameters which comprise the search spa.ce. 
i.e. SSP, sediment-bottom interface, sediment thickness, source range. and source 
depth. The total number of combinations is 5292. Each combination corresponds 
to a unique transfer function of the acoustic channel. 

2) The "observed" field is simulated using a single set of parameters. 

3) Replica fields are generated based on combinations of randomly selected pa.ram- 
eters. 

4) The CSP filter is applied to  compare the observed data with the simulated data. 
The present set of parameters is preferred to  the previous set with the Boltzmann 
probability P ( A E )  = exp(-AElkT),  where A E  is the CSP output difference for 
the two parameter sets. 

5) The "temperature" T drops by a constant factor after each iteration step which 
increases the CSP ouput. 

6) The process continues until a predefined number of iterations (or t e m ~ e r a ~ t u r e  
level) is reached. 

Figure 16 showns the ratio (in dB) of the CSP and the M F  output for the entire 
search space, i.e. for every possible combination of the parameters under inves- 
tigation. The x-axis corresponds to  all combinations of the geometric pa,ra.meters 
(range, depth), ; ~ n d  the y-axis corresponds to  all combinit ons of the environmental 
parameters (SSP, sediment-subbottom interface, sediment thickness). The masi- 
mum output ratio is observed at  the point that  corresponds to the parameter set 
which generated the "actual" data. The ROC curves for the optimized CSP algo- 
rithm are shown in Fig. 17. 

5.2 Multi-layer Simulated Annealing ( M U S A )  

SA is a simple yet very efficacious method. This section introduces a modification 
designated Multi-layer Simulated Annealing (MUSA). MUSA is designed to over- 
come the following problem associated with the classical method: At the early stages 
of the annealing process, the processor has more degrees of freedom to  escape from 
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a region which contains local minima This abilit,y t o  hop from our. mimin~rnl-vallrc 
zone to  a.nother is constrained as t.he tempera.ture tlecrcasr3s accortling t o  t Ilc Boltz- 
ma.nn's probability distribution. In cases where there a,re many local minlin;~. it niay 
ha,ppen tl1a.t although the search path passes through the area of' the glohal mini- 
mum early in the  process, it continues examining ot,hcr 1)ossible ~ninima loc,atiol~s 
a t  pa,rts of the  search space. As 1.irne progresses, the "tc~lil)eratnrc" drops ;iltd tlrc 
freedom t o  continue changing search areas beconles smaller and tllc 1)robat)iIity that 
the algorithm remains tra.pped in a local minima va.loe increases significalitly. 

This disadvantage of SA is overcome by MUSA in the follo~ving way: The  nciv scllenlc 
keeps a record of the results of the a,nnealing process. When the "tenlpera,t~irr" tll.ops 
(around one-third of the iteration steps) a second annealing process Iwgins p;irallel to 
the first, one. The  baseline (initial) values and the temperature for the secontl process 
are the  values which provide the best output ,  up t o  that, point. in the first process. 
Then,  the  two SA algorithms are running simultaneously using tli lfcrc~~t rancloni 
number generators and different initializa.tion values. t hc expense of c o ~ l i ~ ) u t  a t ion 
time, this procedure could continue until a large numbcr of SIZ 1)rocessc.s run i l l  

parallel. For the present study a :J-layer MI!SA was the nlorc sensihlc configaratio~l 
because it provided optimum combination of accura.cy antl time efficiency. 

Initial results indicate t ha t  the MUSA algorithm demonstra.t,es t,he following adva,n- 
tages over the conventional SA algorithm: 

a )  In problematic cases where the search of the initial process diverges fro111 the global 
minimum, the second process will give the algorithln the opportunity t o  1);~clitrack 
in the correct direction. 

b)  In the case where the  initial proc,ess converges towa,rd t,he global m i n i n l ~ ~ m ,  t,lic 
second, and all subsequent processes in MUSA, will also move in the same d i r ec t io~~ ,  
only using a different ( random) path. .4t the end, the user can select the best overall 
solution. 

T h e  detection results are shown in Fig. 17. It is shown t,llat for almost t.he same 
running time, MUSA clearly outperforms SA. Figure 18 shows t h ~  running tilile for 
both SA and MUSA compared to  the exhaustive search rutlning time. 

5.3 Discussion 

By utilizing global search methods (both  SA and MITSIZ). the C'SI' processor over- 
comes the channel uncertaintly and provides detection perfornlancr better than the  
classical M F  method. 

0 ther examples of global optimization algorithms tha t  could have been ~nlployed 
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SEARCH LANDSCAPE - 

Geometric parameters 

Figure 16 The output ratio of the CSP and the MF processor for the entire multi- 
dimensional search space. The vertical axis corresponds to environmental parameters 
and the horizontal axis to the geometric parameters. The circle indicates the maxi- 
m u m  value which corresponds to the correct parameter combination. 
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ROC FOR SA & MUSA OPTIMIZATION TECHNIQUES 

.. - 1 
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Probability of False Alarm 

Figure 17 ROC curves for performance comparison between the matched case 
CSP, the S.4 (CSP) case, the MI,TS'A (CSP)  case and the M F  processor. 

TOTAL MUSA 

Figure 18 Computational time comparison of the ,!7A and the MUSA algorithms 
with the exhaustive search time. 
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are the very fast simulated reannealing [23], and the genetic algorithllls [IS]. A11 
these algorithms have been shown to  improve the performance of frequency domain 
detection/localization processors (e.g. Bartlett processor). The results in this sec- 
tion suggest that these algorithms can be used equally well in MF time do~nain 
processing. 
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Conclusions 

For a well-defined acoustic channel, the CSP matched filter detector offers the op- 
timum detection performance. For known propagation conditions, the C'SP sets 
the upper limit of matched filter detection performance. However this performance 
degrades significantly due to propagation condition mismatch. It has been demon- 
strated that this performance deteriorates significantly on the n priorz knowledge of 
propagation channel paramaters. For the particular shallow water channel. and the 
transmitted LFM pulse (475-675 Hz),  the processor is proved to  he more sensitive 
to  geometric parameters (coordinates of the source or target) than to environmental 
parameters (SSP, sediment-subbottom interface, sediment thickness). Under severe 
channel mismatch condition, the performance of the CSP degrades below the classi- 
cal M F  detection level. However, the employment of global search methods, at  the 
expense of processing time, has been shown to overcome the channel uncertainty and 
to  considerably improve the processor performance. In conjunction with the CSP, 
two simulated annealing algorithms have been used: SA, the classical metropolis al- 
gorithm, and MUSA, a new multi-layered configuration of SA. For the same running 
time, MUSA proved to  give better probability of detection compared to SA. Flirther 
work is required to  improve the time efficiency of these algorithms. This can be 
accomplished by employing faster propagation models (ray tracing instead of nor- 
mal mode codes) and by reducing the dimensions of the search space by identifying 
correlation patterns between parameters. 
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