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ABSTRACT 

The long-term goal of the REVEAL project is to develop a signal processing structure that exploits 
available knowledge of the environment and of signal and noise variability induced by the 
environment. The research is directed toward passive sonar detection and classification, continuous 
wave (CW) and broadband signals, shallow water operation, both platform-mounted and distributed 
systems, and frequencies below 1 kHz. 
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OBJECTIVES 
The primary FY07 objectives were to: 

• Apply the maximum likelihood (ML) detector developed previously under the REVEAL 
project (Ballard et. al., 2006; Ballard, 2007) to detection and classification of sinusoids with 
random amplitude due to propagation through the ocean. 

• Use data from the SWellex-96 experiment to investigate the statistics of sinusoids transmitted 
by different sources and propagated through the ocean to a horizontal hydrophone array. 

• Investigate the ability of a rough surface PE acoustic propagation code to predict received 
signal parameter variability using ocean surface and volume parameter variability. 

APPROACH 
At-sea experience has shown that passive sonar systems often have difficulty distinguishing between 
targets of interest and interference or noise sources, especially in areas with high shipping traffic. The 
hypothesis underlying the REVEAL project is that passive sonar performance can be improved if the 
signal processor incorporates knowledge of the deterministic and random components of the received 
signal. An example is shown in Fig. 1, in which received signal variability is due to source variation 
and propagation through the ocean. The latter is due to temporal and spatial variation in the ocean 
parameters that effect acoustic propagation. 

The relevant environmental parameters include water depth, sea surface condition, temperature and 
salinity (hence sound speed) in the medium, and bottom characteristics. There is nearly always some 
knowledge of these parameters, e.g. the mean or seasonally-averaged values, but other aspects such as 
the time or spatial dependence, or statistical moments of the parameters, may not be known. Lack of 
knowledge regarding a parameter distribution can be indicated by a uniform probability density 
function (pdf). 

^ _pdf of signal parameter,   ~7°\ « Source near 
near-surface source (H,) the surface 

Receive array \    ^ pdf 0f signal parameter, . Source near 
P2(8)   j  \£       near-bottom source (H2) -^L   - the bottom 

Figure 1: A possible application of the signal processing architecture under development in the 
REVEAL project is source depth classification based upon signal parameter probability density 

functions (pdfs) derived from knowledge of the ocean environment. 

Monte Carlo simulation using an acoustic propagation code can make use of deterministic and 
stochastic ocean environmental models, range-dependent volume and bottom parameters, and even in- 
situ measurements, to produce ensembles of received signals. The received signal ensembles can be 
processed to estimate stochastic representations of signal and noise parameters, i.e. pdfs. This is 
shown in Fig. 2. The benefit of the method is that received signal parameter statistics are directly 
related to environmental parameter statistics. 
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Figure 2: Available environmental information (models, in-situ measurements, probabilistic 
descriptions) is used with Monte Carlo simulation and an acoustic propagation code to produce 

received signal ensembles. The Maximum Entropy method is used to obtain pdfs for the 
received signal parameters. 

The signal processing architecture developed under the REVEAL project incorporates statistical 
measures of received signal parameters into the signal processing algorithm in order to improve 
detection and classification performance. Specifically, a likelihood ratio (LR) detector/classifier is 
constructed to decide between hypotheses H i and H2 using the computed signal parameter pdfs 

A(©|r) = 

Calculated using 
knowledge of the 
environment and 
propagation modeling. 

Here A(r) is the likelihood ratio and the likelihood functions are pl2 (r 18). Building upon a 

derivation by Schwartz (1977), we require that the conditional likelihood function belong to the 
exponential class: 

A(r|e) = ^l(e)exp[g1(r,e) + 51(r)] 

(1) 

(2) 

whereK[ (8), g, (r,8) and Bx (8) are arbitrary functions. This is a somewhat expanded and less 

restrictive form than that of Schwartz. The conditional moment estimate is defined as 

*(r)-f 
3g,(r,8) 

dr 
A(*|r)« (3) 

where the a posteriori pdf is calculated using the likelihood functions and signal parameter pdfs: 



/>.(ek) = 

Calculated using 
knowledge of the 
environment and 
propagation modeling. 

(4) 

We further define 

G^o-fMcK-JJ 
ag,(C,e) p,(ei;)d»^ (5) 

where £ is a variable of integration. With G2 (r) similarly defined, the log likelihood ratio (LLR) 

becomes 

/(r) = lnA(r) = h-^l = G1(r) + 51(r)-G2(r)-52(r) + ^c/. (6) 

Figure 3 shows a block diagram of the processor. Note that the Bl2 (r) terms do not depend on the 

signal parameters and thus will often cancel out. This detector structure has been termed an 
"estimator-correlator" by Price (1956), and in application to ocean acoustic signal processing, the 
Estimated Signal Parameter Detector (Ballard, 2007). The only assumption is that the pdfs 
P\ 2 (r 10) belong to the exponential class, which is much less restrictive than the Gaussian form. 

BACKGROUND 
There is a large body of literature discussing how to incorporate uncertainty into the analysis and 
synthesis of sonar signal processing systems.   The principal approaches are linear system theory (Van 
Trees, 1971; Ziomek, 1981), the Bayesian approach (Sha and Nolte, 2005; Battle et. al., 2004), model- 
based signal processing (e.g. Candy, 2006), stochastic operator theory (Adomian, 1970, 1971a, 1971b; 
Sibul, 1979), dynamic stochastic modeling of uncertainty (Lermusiaux and Robinson, 1999; 
Lermusiaux, 1999; Lermusiaux, et. al., 2001), sequential estimation (Nolte, 1973; Proakis, 2004), the 
Maximum Entropy (MaxEnt) method (Jaynes, 1957, 1968, 1982; Kapur and Kesavan, 1992; Kapur, 
1990; Burg, 1967), and wave propagation through random media (WPRM) (Flatte et. al., 1979; Lutz 
et. al., 2004; Uscinsky, 1977; Uscinsky et. al. 1983, 2002). 
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Figure 3: Block diagram of the processing structure developed under the REVEAL project. 

Linear systems theory is a widely used classical approach in which signal propagation and scattering in 
a stochastic medium are modeled using random spreading functions that characterize how a single 
propagating pulse is spread in space, time and frequency.   The mean square spreading functions are 
called scattering functions - they characterize the average spread of the pulse in space, time and 
frequency. Reverberation, propagation and target scattering functions have been used to characterize 
the average performance of matched filter detectors in high frequency sonars (Van Trees, 1971; 
Ziomek, 1981; Kay and Doyle, 2003). The spreading function paradigm is a good staring point for < 1 
kHz frequencies, but critical examination is required before applying it to low frequency propagation 
and extending it to higher orders statistics (Sibul et. al., 2004). The linear systems approach is not 
limited to the active sonar processing; it is also an effective tool for analysis of signals for passive 
processing. Linear system theory can be used to model frequency shift and frequency spreading caused 
by randomly time and space varying propagation media. Continuous wavelet transform (CWT) 
techniques are also effective tools for characterization of time-varying systems for wideband signals 
(Weiss, 1996; Young, 1993). CWT approach leads to generalization of the narrowband spreading and 
scattering functions to the wideband signals (Sibul and Weiss, 2002). 

An important aspect of modeling of random processes (signals) is computationally effective 
characterization of non-stationary stochastic processes that have been generated from stochastic signals 
that have propagated through randomly time-varying media. A class of non-stationary stochastic 
processes that have spectral representations is the class of harmonizable processes and its 
multidimensional generalization to harmonizable random fields (Loeve,1963; Cramer and 
Leadbetter,1967). These processes have two-dimensional spectral distributions that display the effects 
such as non-stationarity, spectrum shifts and spreading that are caused by time-varying systems. These 
results can be derived using linear system theory as previously discussed. 



The Bayesian approach incorporates uncertainties in the environment, target and sonar as a priori 
pdf s, which are then incorporated into the signal processor (Haralabus et.al., 1993; Premus et. al., 
1995; Richardson and Nolte, 1991; Battle et. al., 2004). The critical issue of the Bayesian approach is 
how to obtain valid a priori pdf s. Our approach is to obtain them using MaxEnt method (Jaynes, 
1968, 1982; Kapur and Kesavan, 1982; Kapur, 1989; Burg, 1967). 

The model-based processor (MBP), as investigated by Candy and Sullivan (Candy and Sullivan 1995a, 
1995b, 1994; Candy 2006), is a version of the matched field processor that utilizes the normal-mode 
acoustic propagation model in state-space form. In this research, we do not consider matched field 
processing, but do incorporate several distinct advantages offered by the MBP: recursive 
implementation, inclusion of both noise and parameter uncertainties, relaxation of the assumption of 
stationary statistics, ability to estimate environmental parameters, and capability to monitor its own 
performance. Burkhardt (1992) has investigated robust adaptive processing for application to 
underwater acoustic array processing. His work is applicable to a wide class of robust signal 
processing techniques in uncertain acoustic channels. Williams (1989) has investigated robust signal 
subspace techniques for direction of arrival estimation in multipath environment. 

Stochastic operator theory, dynamic modeling of uncertainty, and sequential estimation theory provide 
a theoretical formalism that is derived from fundamental physical principles and probabilistic 
characterizations of signals propagating through stochastic channels. In most cases, these approaches 
require more complete knowledge, e.g. a pdf, than is usually unavailable. The Maximum Entropy 
(MaxEnt) method uses the knowledge or data that is available, but is maximally noncommittal of what 
is unknown. The MaxEnt method is a well-developed scientific method that has been applied to many 
problems in physics, engineering, spectral estimation and Bayesian estimation. Our proposed 
application of this powerful method to signal processing in random/uncertain underwater channels is 
the first of this type. 

Recently there has been renewed interest in exploitation of environmental information for 
improvement of performance of detectors, estimators and classifiers. Abraham and Willett used the 
Page test for improved detection of time-spread active echoes (Abraham and Willett, 2002). Sun, 
Willett and Lynch fused constant frequency and linear frequency modulated signals to improve 
detection of reverberation-limited targets (Sun et. al., 2004). Proakis (2004) showed that using a 
sequentially estimated channel impulse model for the acoustic multipath channel reduced the bit error 
rate of a communication system by an order of magnitude. 

WORK COMPLETED 
Application of the REVEAL processor to classify random amplitude sinusoids. 
In FY05-06, the REVEAL LR detector (eqn (1)) was implemented for Gaussian signal and noise 
(Ballard, 2006; Ballard, 2007) and shown to be equivalent to the likelihood ratio test for Gaussian 
signal and noise presented by Van Trees (1968, Chapter 2, eqn 327). In FY07, the processor was 
implemented for classification of random amplitude sinusoidal signals embedded in exponential class 
distributed noise. Performance was evaluated for additive Gaussian noise, in which case the 
conditional likelihood function (eqn (2)) for M independent observations becomes 

Pu(r|/l) = (2^c7n
2)"^exp|-^f;^-^cos(^,. + ^)]2| (7) 



Here A is the unknown signal amplitude, a^ and <p are the signal frequency and phase, and a] is the 

noise variance. Multiplying out the squared term and putting the result into (1) above yields an 
expression for the log likelihood ratio /(r) similar to that given by Whalen (1971, Chap. 7) 

/(r) = ln Xcos2(^/,+0) 

A2     M I^ML Xcos2(<yo/,+0)p dA > 
< 

Need these 
to proceed. 

In 77 

(8) 

where V(r) = V rt cos (c;of, + 0) is the coherent matched fdter. In order to obtain an analytical 

expression for /(r), the density functions for the signal amplitude were taken to be Gaussian with the 

same mean but different variances, i.e. pt (A) ~ Nym,(T2j and p2 (A) ~ jV^cr2). The LR thus 

amounts to a signal classifier. Defining the signal-to-signal ratio as 557? = 10 log V , the 

performance of the processor is shown in Fig. 4. The left panel shows pl (A) andp2 [A) for different 

SSR values, while the right panel shows a receiver operating characteristic (ROC) curve for a 10 dB 
signal to noise ratio (SNR). Note that we have defined PD as the probability of deciding Hi when in 
fact Hi is true, and PFA as the probability of deciding Hi when in fact H2 is true. Fig. 4 shows that 
better performance is achieved when the SSR is increased, corresponding to greater differences 
between the pdfs of A under the two hypotheses. This is the desired result. 

Analysis of SWellex-96 data. 
A small portion of the SWellex-96 data were investigated in FY07 under the REVEAL project in order 
to address the question of whether received signal parameter statistics can be used to identify the 
source location. This is an important question because the LR processor defined in eqn. (8) can only 
distinguish between signals whose parameter pdfs are different. The Swellex-96 data have been 
investigated by several other researchers (Premus et. al., 2004; Booth et. al., 2000). The measurement 
was made in 200 m deep water just west of Pt. Loma, California between 30 April and 18 May 1996. 
Our interest was in Event S5, which included towed sources at 9 m and 54 m depth, transmitting CW 
signals simultaneously at particular frequencies between 100 Hz and 400 Hz, and two bottomed 
horizontal line arrays. 

Figure 5 shows signal amplitude for two lines, one originating from the deep source and the other from 
the shallower source. The left panel shows that signals from the sources exhibit similar but not 
identical amplitude variations. 
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Figure 4: Performance of the REVEAL Likelihood Ratio processor under Gaussian noise and 
for sinusoids with known frequency and phase and Gaussian-distributed amplitude. The left 
panel shows />, (A) and />. (A) for various values of the amplitude variance ratio. (SSR = 10 log 

a\ja\ )• The right panel is a receiver operating characteristic (ROC) curve showing performance 
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Figure 5: Received signal amplitude, dB, for Event S5, Swellex-96 data. Depth of the shallow 
and deep sources was 9 m and 54 m, respectively. In the right panel, the amplitude has been 

corrected for cylindrical spreading. 

A noise-free implementation of Eqn. (8) for the deep and shallow Swellex-96 sources is shown in Fig. 
6. Kernel density estimates of the signal amplitude pdf were constructed using an acoustic propagation 
model for the 166 Hz (deep) and 163 Hz (shallow) sources. A likelihood ratio test was constructed by 
point-wise dividing the pdfs, as shown in Figure 6. Figure 7 shows the performance of the processor 
evaluated using samples from the Swellex-96 data. While these are not completely realistic 
simulations, they do indicate that there is sufficient difference between the deep and shallow amplitude 
pdfs to classify the signals with some degree of accuracy. 
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Figure 6: Likelihood ratio test constructed by point-wake dividing the kernel density estimates. 
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Figure 7: Results of the Likelihood Ratio test using the detector shown in Fig. 6 operating on 
samples constructed from the two distributions. 

Rough surface PE. 
In FY05-06, the method presented in Fig. 2 by which received signal statistics are calculated using 
knowledge of the environment, Monte Carlo simulation and the Range-dependent Model (RAM) 
(Collins, 1993) acoustic propagation model was demonstrated using acoustic and environmental 
measurements made in the Strait of Gibraltar in 1996 (Camin et. al., 2006; Tiemann et. al., 2001a, 
2001b). The Strait of Gibraltar is a dynamic region from an oceanographic standpoint due to strong 
tidally-driven flow and the presence of internal waves. The acoustic measurements utilized broadband 
acoustic pulses transmitted 13 km across the strait hourly over several days and many tidal cycles, and 
significant variation in received signal pressure was measured. Monte Carlo simulation was carried 
out using sound speed fields derived from a time and space-varying mean sound speed model 
combined with a large number of sound speed measurements. The MaxEnt method was used to obtain 
range- and depth-dependent pdfs of rms received pressure. The predicted pdfs have been found to 
compare favorably with the measured pdfs, providing some validation for the method. 

However, a limitation of the RAM code relative to our needs is that effects due to temporal variation 
and roughness of the ocean surface are not modeled. These important effects include time and 
frequency spread imparted to the propagating signal, both of which cause signal de-correlation. 



In FY07 we began running the rough surface PE code developed by Rosenberg (1999) by extending 
RAM to handle a rough air-water interface. The rough surface PE code has been shown to be able to 
predict frequency spread induced in the received signal by time-dependent variation of the ocean 
surface. 

RESULTS 
As discussed above, the log likelihood ratio processor was implemented for random amplitude 
sinusoids in noise whose pdf belongs to the exponential class. For Gaussian noise, the processor is 
equivalent to the result given by Whalen (1971, Chap. 7). However, the noise need not be Gaussian. 
If samples are available, the Maximum Entropy method can be used to obtain an exponential class pdf. 
Further, in order to obtain an analytical result, the signal amplitudes were taken to be Gaussian with 
identical means but different variances for the two source location hypotheses. The ROC curves 
shown in Figure 4 indicate that the processor is able to select the correct hypothesis with probability 
that depends upon the difference between the two signals variances. 

In general, the processor must compute signal parameter pdfs using knowledge of relevant 
environmental parameters as discussed above (Monte Carlo simulation, an acoustic propagation model, 
the MaxEnt method). The linkage of the MaxEnt method, which produces an exponential class pdfs, 
with the LR or EC processor, which can achieve optimal performance using an exponential class 
conditional likelihood function, is an important result of this project. Further work is required to 
evaluate the processor for exponential but non-Gaussian noise distributions and for other signal 
parameters. 

Regarding the Swellex-96 data investigation, as shown above in Figures 6 and 7, there does appear to 
be sufficient information in the amplitude statistics to distinguish between the deep and shallow 
sources. These results are encouraging, but very preliminary. 

IMPACT/APPLICATIONS 
The results of this research are expected to lead to new passive sonar detectors and classifiers that take 
advantage of knowledge of medium variability and uncertainty. The results are mainly applicable to 
passive processing. However, the active processor can be considered "a detector matched to the 
estimated ocean. " These results could have significant impact on Navy sonar system applications. 

RELATED PROJECTS 
None. 



REFERENCES 

Abraham, D. A. and Willett, P. K. (2002). "Active Sonar Detection in Shallow Water Using the Page 
Test," IEEE J. Ocean. Eng. 27, pp. 35-46. 

Adomian, G. (1970). "Random Operator Equations in Mathematical Physics I," Journal of 
Mathematical Physics 11, pp. 1069-1084. 

Adomian, G. (1971a). "Linear Random Operator Equations in Mathematical Physics II," Journal of 
Mathematical Physics 12, pp. 1944-1948. 

Adomian, G. (1971b). "Linear Random Operator Equations in Mathematical Physics III," Journal of 
Mathematical Physics 12, pp. 1948-1955. 

Ballard, J. A., Jemmott, C. W., Sibul, L. H., Culver, R L. and Camin, H. J. (2006). "The Estimated 
Ocean Detector: Derivation and Predicted Performance under Gaussian Assumptions," IEEE 
Oceans 2006 Conf. Proc, Boston, MA. 

Ballard, J. A. (2007). The Estimated Signal Parameter Detector: Incorporating Acoustic Variability 
into the Signal Processing to Detect Stochastic Signals Based on the Received Statistics, (Master of 
Science thesis, The Pennsylvania State University, State College, PA). 

Battle, D. J., P. Gerstoft, W. S. Hodgkiss, and W.A. Kuperman (2004). "Bayesian model selection 
applied to self-noise geoacoustic inversion," J. Acoust. Soc. Am. 116, pp. 2043-2056. 

Booth, N. O., Abawi, A. T., Schey, P. W., and Hodgkiss, W. S. (2000). "Detectability of Low-Level 
Broad-Band Signals Using Adaptive Matched-Field Processing with Vertical Aperture Arrays," 
IEEE J. Oceanic Eng., Vol. 25, pp. 296-312. 

Burg, J. P. (1967). "Maximum Entropy Spectral Analysis," Proceedings of 37th Meeting of Society of 
Exploration Geophysicists. 

Burkhardt, R.C. (1992). "Robust Adaptive Processing for Application to Underwater Acoustic Arrays, 
" (Ph.D. dissertation in Acoustics, The Pennsylvania State University, State College, PA). 

Camin, H. J., Culver, R. L., Sibul, L. H., Ballard, J. A., Jemmott, C. W., Holland, C. W., and Bradley, 
D. L. (2006). "Received Signal Parameter Statistics in Random/Uncertain Oceans," IEEE Oceans 
2006 Conf. Proc, Boston, MA. 

Candy, J.V. and Sullivan, E.J. (1994). "Model-based processor design for a shallow water ocean 
acoustic experiment," J. Acoust. Soc. Am. 95, pp. 2038-2051. 

Candy, J.V. and Sullivan, E.J. (1995a). "Model-Based Environmental Inversion: A Shallow Water 
Ocean Application," J. Acoust. Soc. Am. 98, pp. 1445-1454. 

Candy, J.V. and Sullivan, E.J. (1995b). "Passive Localizaiton in Ocean Acoustics: A Model-Based 
Approach," J. Acoust. Soc. Am. 98, pp. 1455-1471. 

Candy, J. V. (2006). Model-Based Signal Processing (Adaptive and Learning Systems for Signal 
Processing, Communications and Control Series (Wiley and Sons, Hoboken, NJ). 

Collins, M. (1993). "A split-step Pade solution for the parabolic equation method," J. Acoust. Soc. 
Am. 93, pp. 1736-1742 

Cramer, H. and Leadbetter, M. R (1967). Stationary and Related Stochastic Processes, (Wiley, New 
York). 

Flatte, S. M., Dashen, R., Munk, W. H., Watson, K. M., and Zachariasen, F. (1979). Sound 
Transmission through a Fluctuating Ocean (Cambridge University Press, London). 

Haralabus, G., Premus, V., Alexandrou, D., Nolte, L.W. and Richardson, A.M. (1993). "Source 
Localization in an Uncertain Acoustic Scattering Environment," J. Acoust. Soc. Am. 4, pp. 3379- 
3386. 

Jaynes, E. T. (1957). "Information theory and statistical mechanics," Phys. Rev., 106, pp. 361-373. 
Jaynes, E. T. (1968). "Prior Probabilities," IEEE Transactions on System Sciences and Cybernetics, 

Sec-4 (4), pp. 227-247. 

10 



Jaynes, E. T. (1982). "On the Rationale of Maximum-Entropy Methods," Proceedings of the IEEE 
(Invited paper), 70, pp. 939-952. 

Kapur, J. N. (1990). Maximum Entropy Models in Science and Engineering, (Wiley and Sons). 
Kapur, J. N. and Kesavan, H. K. (1992). Entropy Optimization Principles with Applications (Academic 

Press, Boston). 
Kay, S. M. and Doyle, S. B. (2003). "Rapid Estimation of the Range-Doppler Scattering Function," 

IEEE Trans. Signal Processing, 51 (1), pp. 255-268. 
Lermusiaux, P F. J. and Robinson, A. R. (1999). "Data assimilation via error subspace statistical 

estimate, Part. 1: Theory and schemes," Mon. Weather Rev. 127 (7), pp. 1385-1407. 
Lermusizux, P. F. J. (1999). "Data assimilation via error subspace statistical estimate, Part.2: Middle 

Atlantic Bight shelfbreak front simulation and ESSE validation," Mon. Weather Rev. 127 (7), pp. 
1408-1432. 

Lermusiaux, P. F. J., Chiu, C. -S. and Robinson, A. R. (2001). "Modeling uncertainties in the 
prediction of the acoustic wave field in a shelfbreak environment," Proceedings of ICTCA 2001, 5th 

International Conference on Theoretical and Computational Acoustics, 21-25 May 2001, Beijing, 
China. 

Loeve, M. (1963). Probability Theory, Third Edition (Van Nostrand, Princeton), p. 474. 
Lutz, S. D., Culver, R. L. and Bradley, D. L. (2004). "Extension to Wave Propagation in Random 

Media Theory for Small Scale Ocean Inhomogenieties," submitted to J. Acoust. Soc. Am. 
Nolte, L.W. (1973). "Adaptive Processing: Time-varying Parameters," in Signal Processing, 

Proceedings of NATO Advanced Study Institute on Signal Processing, edited by J.W.R. Griffiths, 
P.L. Stocklin and C. Van Schooneveld, (Academic Press, London). 

Premus, V., Alexanderou, D. and Nolte, L.W. (1995). "Full-Field Optimum Detection in an Uncertain, 
Anisotropic Random Wave Scattering Environment," J. Acoust. Soc. Am. 98, pp. 1097-1110. 

Premus, V., Ward, J., and Richmond, C. D. (2004). "Mode filtering approaches to acoustic source 
depth discrimination," Record of the 38th Asilomar Conference on Signals, Systems and Computers, 
Vol. 2, pp. 1415-1420. 

Price, R. (1956). "Optimum detectgion of random signals in noise, with application to scatter- 
multipath communications, I," IRE Trans. On Information Theory, 2, pp. 125-135. 

Proakis, J. (2004). "Iterative Equalization and Decoding in Underwater Channels," The High 
Frequency Ocean Acoustics Conference, La Jolla, CA 

Richardson, A.M. and Nolte, L.W. (1991). "A Posteriori Probability Source Localization in an 
Uncertain Sound Speed, Deep Ocean Environment," J. Acoust. Soc. Am, 89, pp. 2280-2284. 

Rosenberg, A. P. (1999). "A new rough surface parabolic equation program for computing low- 
frequency acoustic forward scattering from the ocean surface," J. Acoust. Soc. Am, 105, pp. 144- 
153. 

Schwartz, S. C. (1977). "The estimator-correlator for discrete-time problems," IEEE Trans. On 
Information Theory, vol. IT-23, pp. 93-100. 

Sha, L. and Nolte, L. W. (2005). "Bayesian sonar detection performance prediction the presence of 
interference in uncertain environments," J. Acoust. Soc. Am. 117 (4), pp. 1954-1964. 

Sibul, L. H. (1979). "Stochastic Green's Functions and Scattering Functions," in Information Linkage 
between Applied Mathematics and Industry, edited by P.C.C. Wang (Academic Press, New York), 
pp. 617-631. 

Sibul, L. H. and Weiss, L. G. (2002). "A Wideband Wavelet Based Estimator Correlator and its 
Properties," Multidimensional Systems and Signal Processing, 13, pp. 157-186. 

11 



Sibul, L. H., Coveillo, C. M, and Roan, M. J. (2004). "Detection of High Frequency Sources in 
Random/Uncertain Media," in Proceedings of the High Frequency Ocean Acoustics Conference, La 
Jolla, CA (AIP Conference Proceedings, Melville, NY). 

Sun, Y., Willett, P., and Lynch, R. (2004). "Waveform Fusion in Sonar Signal Processing," IEEE 
Transactions on Aerospace and Electronic Systems, 40, pp.462-477. 

Tiemann, C, Worcester, P., and Cornuelle, B. (2001a). "Acoustic scattering by internal solitary waves 
in the Strait of Gibraltar," J. Acoust. Soc. Am. 109, pp. 143-154. 

Tiemann, C, Worcester, P., and Cornuelle, B. (2001b). "Acoustic remote sensing of internal solitary 
waves and internal tides in the Strait of Gibraltar," J. Acoust. Soc. Am. 109, pp. 798-811. 

Uscinski, B. J. (1977). The Elements of Wave Propagation in Random Media (McGraw-Hill, New 
York). 

Uscinski, B. J., Macaskill, C, and Ewart, T. E. (1983). "Intensity fluctuations. Part I: Theory," J. 
Acoust. Soc. Am. 74, 1474-1483. 

Uscinski, B. J. and Stanek, C. J. (2002). "Acoustic scattering from a rough sea surface: the mean field 
by the integral equation method," Waves in Random Media 12, pp. 247-263. 

Van Trees, H.L. (1968). Detection, Estimation, and Modulation Theory, Part I (Wiley, New York) p. 
87. 

Van Trees, H.L. (1971). Detection, Estimation, and Modulation Theory, Part III (Wiley, New York) 
Chapters 10-13. 

Weiss, L.G. (1996). "Time-varying System Characterization for Wideband Signals." Signal 
Processing, 55, pp.295-304. 

Whalen, A. D. (1971). Detection of Signals in Noise (Academic Press, New York). 
Williams, R.T. (1989). "Robust Signal Subspace Techniques With Applications to Angle-of-Arrival 

Estimation in a Multipath Environment", (Ph.D. dissertation in Electrical Engineering, The 
Pennsylvania State University, State College, PA). 

Young, R.K. (1993). Wavelet Theory and Its Applications, Kluwer Academic Publishers, Boston. 
Yang, C. C. and McDaniel, S. T. (1991). "Fourth moments of acoustic waves forward scattered by a 

rough ocean surface," Waves in Random Media 1, pp. 419-439. 
Ziomek, L.J. (1981). "A Scattering Function Approach to Underwater Acoustic Detection and Signal 

Design," (Ph.D. Thesis in Acoustics, The Pennsylvania State University, State College, PA). 

12 



APPENDIX A: PUBLICATIONS 

Peer Reviewed Journal Articles 

Cotte, B., Culver, R. L. and Bradley, D. L. (2007). "Scintillation index of high frequency acoustic 
signals forward-scattered by the ocean surface," J. Acoust. Soc. Am. (accepted for publication). 

Refereed Conference Proceedings 

Camin, H. J., Culver, R. L., Sibul, L. H., Ballard, J. A., Jemmott, C. W., Holland, C. W., and Bradley, 
D. L. (2006). "Received signal parameter statistics in random/uncertain oceans," Proceedings of 
IEEE OCEANS 2006, 18-21 September 2006, Boston, MA. 

Ballard, J. A., Jemmott, C. W., Sibul, L. H., Culver, R. L., and Camin, H. J. (2006). "The Estimated 
Ocean Detector: Derivation and Predicted Performance under Gaussian Assumptions," Proceedings 
of IEEE OCEANS 2006, 18-21 September 2006, Boston, MA. 

Culver, et. al. "Application of the Maximum Entropy method to sonar signal processing," to appear in 
the proceedings of 27th Int. Workshop on Bayesian Inference and Maximum Entropy Methods, 8- 
13 July 2007, Saratoga Springs, NY. 

Student Theses 

Ballard, J. A. (2007). The Estimated Signal Parameter Detector: Incorporating Acoustic Variability 
into the Signal Processing to Detect Stochastic Signals Based on the Received Statistics, (Master of 
Science thesis, The Pennsylvania State University, State College, PA). 

Professional Society Talks 

Culver, R. L. and H. J. Camin, "Environmental and signal models for acoustic propagation through a 
variable ocean," 153rd Meeting of Acoust. Soc. Am., Salt Lake City, UT. 

Jemmott, C. W., Ballard, J. A., Culver, R. L., and Sibul, L. H., "Probabilistic descriptions of low- 
frequency passive sonar signal," 153rd Meeting of Acoust. Soc. Am., Salt Lake City, UT. 

Jemmott, C. W., Culver, R. L., Ballard, J. A. and Sibul, L. H., "The effect of non-Gaussian noise on 
detection of sinusoids in the ocean," 153rd Meeting of Acoust. Soc. Am., Salt Lake City, UT. 

Ballard, J. A., Jemmott, C. W., Culver, R. L. and Sibul, L. H., "The estimated ocean detector: 
Detection of signals with different parameters," 153rd Meeting of Acoust. Soc. Am., Salt Lake City, 
UT. 

Ballard, J. A., Culver, R. L., Sibul, L. H., Jemmott, C. W. and Camin, H. J., "The estimated ocean 
detector: Predicted performance for continuous time signals in random/uncertain oceans," 4th Joint 
Meeting of Acoust. Soc. Am. and Acoust. Soc. Japan, Honolulu, HI. 

Camin, H. J., Culver, R. L., Sibul, L. H., Ballard, J. A. and Jemmott, C. W., "Incorporating 
environmental variability in received signal statistics," ," 4th Joint Meeting of Acoust. Soc. Am. and 
Acoust. Soc. Japan, Honolulu, HI. 

13 



APPENDIX B: PATENTS 

Invention disclosure submitted at Penn State for a "Classifier/Detector for Passive Sonar Signals with 
Different Parameter Distributions." 

14 



DISTRIBUTION LIST 

Distribution List for ARL Perm State Technical Report 09-012 titled "REVEAL: Receiver Exploiting 
Variability in Estimated Acoustic Levels FY07 Year End Report" by R. Lee Culver, dated 2 November 
2009. 

Office of Naval Research 
875 North Randolph Street 
Arlington, VA 22203-1995 
Attn: John A. Tague 

15 


