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ACOUSTICS FLUCTUATIONS: GUIDELINES FOR R&D
BASED ON THE ACOUSTIC FLUCTUATION WORKSHOP
22-23 FEBRUARY 1978

P

I. INTRODUCTION

TR AT T

j The detection, localization and tracking of submarines by underwater acoustic signals

: are greatly disturbed by signal fluctuations. These originate primarily in source/receiver
- { i motion, but also are caused by acoustic rays reflected from wind-roughened surface, and by
| scattering from inhomogeneities randomly dispersed in the ocean. In past years such fluctua-
tions have been spatially and temporally averaged to mean values. However, random variations

of signals about mean values have recently taken on significant meaning because they strongly

affect target detection methods which use statistical decision, such as is found in receiver

operating characteristic (ROC) curves. In addition, a higher order statistical analyses of acous-

tic fluctuations provides a means to evaluate the reliability of experimental data and can lead to

the construction of confidence limits to the mean values currently used in ASW operations.

Research progress in acoustic fluctuations has been reviewed and evaluated in several
rgcently held conferences and workshops. Since 1974 there have been four distinctive but re-
lated workshops of this nature, one review panel, and an Acoustical Society of America (ASA) :
session held which bear somewhat on acoustic signal fluctuations. On 27-28 March 1974 a

fluctuation workshop was conducted at Naval Research Laboratory (NRL) hosted by Acoustic

Environmental Support Detachment (AESD) and a summary (Ref. 1) is available. An Interna-
tional Workshop (Ref. 2) on Low Frequency Propagation and Noise was sponsored by CNO !
(OP-95) and supported by Chief of Naval Research (CNR) and held at Woods Hole Oceano- |
graphic Institute (WHOI) in October 1974. The David Taylor Naval Ship Research and

Manuscript submitted September 28, 1978. 1
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Developmeﬁl Center (DTNSRDC) was the host for an Operations Research Models of
i Fluctuations Affecting Sonar Detection Workshop during 19-21 March 1975. Proceedings were
published (Ref. 3) in two classified volumes. On 1-2 October 1975 a workshop (Ref. 4) under
auspices of Underwater Sound Advisory Group (USAG) was held on Acoustic Signal Coher-
P ‘ ence at Naval Underwater Systems Center (NUSC). Next, under direction of chief of Naval
r ! Operations (CNO:OP95) a technical review panel for a coordinated Ocean Acoustics Program
r | Plan met 8-10 November 1977 at Naval Ocean Research and Development Acitivity (NORDA)
| and produced a summary (Ref. 5). Lastly, at the December 1977 meeting of the Acoustical

Society of America (ASA) at Miami a session on Underwater Acoustics was devoted to Fluc-

tuations and Signal processing. A review of several of the significant papers presented at that

E | session appears in Ref. 6.

Each of the preceding efforts did not completely address the signal fluctuation prob-

lems. For instance the one hosted by AESD was specifically directed to satisfy potential SASS

contractors. The International Workshop at WHOI was unclassified and many system applica-

tions were omitted. The Operations Research effort at DTNSRDC neglected the environmental

rows

effects. The one on Signal Coherence at NUSC was constrained in subject material. The scope
of the coordinated plan at NORDA (Ref. 5) examined the contributions of Navy research,
exploratory and advanced development programs to the four ocean acoustic subjects of bottom

interaction, signal fluctuation, coherence and directional noise. Each of these subjects was

divided into segments dealing with modeling, measurement systems and data acquisition pro-

grams. Of necessity these elements received a very broad treatment and generally were of a

bl i i

non-technical nature and lacked specificity.

Lastly, the ASA session was instructive but again because of its unclassified nature a |
proper discussion and exposition of the efforts being made by the exploratory and advanced |

development workers could not be made.
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< Current Navy sponsored programs in data acquisition and analytical modeling of
fluctuations of received acoustic signals show a great diversity of approach, data collection, sig-
nal processing and final display. The ultimate use of the results of research to improve under-
sea surveillance often falls short of expectations because of a mismatch between the user’s
understanding of his requirements and the investigator’s interpretation of those requirements.
There is and has been a need to clarify both the user’s and investigator’s concept of their
requirements. To this end the Chief of Naval Development with the assistance of the Naval
Electronic Systems Command sponsored a classified workshop on Acoustic Fluctuations.

The objectives of the Acoustic Fluctuations Workshop were to:

a. Delineate the problem areas associated with modeling of fluctuations of acoustic
signals and noise as caused by the medium, its boundaries and motion of the source or receiver
platforms. Assess the impact of these fluctuations on system performance models as translated
into model input parameters.

b. ~ Examine the current programs addressing underwater acoustic fluctuations.

Present program goals, technical approaches to meet the goals, and work currently underway.

¢. Recommend adjustments to program goals to meet the input needs of users of

acoustic environmental fluctuation models.

On 22-23 Feb. 1978 on Acoustic Fluctuation Workshop was held at NRL and the
Agenda was essentially as per Figs. 1 and 2.

Attendance at the Workshop was limited to the principal investigators and managers
from the involved sectors of the Navy) industry and academic community. Over 50 participated
in the presentations that were made and discussions that were held. An editorial summary was
made for those papers which were sqpplied by the authors. A synopsis was prepared for all

unwritten papers and combined with a comprehensive technical review on Ocean Science Fluc-

tuations into a separate report (Ref. 6).
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0830

0900
0945
1015

Welcome, Workshop Objectives, Navy
Unified Program, Prologue, and Filters

Key Issues in Fluctuations & Coherence
APSURYV Model (& Fluctuations)
PSEUDO Model (& Fluctuations)

Movable Break

1100
1130
1200
Lunch
1330

1400

1430
1500

APETC (& Fluctuations)
Beam Noise Fluctuation Models

Signal Processor (& Fluctuations)

Effects of Fluctuating Signals & Noise on
Detection Performance

A Working Fluctuation Model with
Application to Performance Prediction

Signals Fluctuations

A Model of Acoustic Propagation Thru
Internal Waves

Movable Break

1545

1615

Single Path — Phase & Amplitude

Fluctuations

Fluctuations From a Communication

Engineering Viewpoint

Spalding, Miller,
Winokur, Cybulski

Sam Hanish
Ron Larsen

Lyman Fretwell

Robert Flum
Ray Cavanagh

Don Grace

John Heine

Robert Urick

Ken Flowers

Harry De Ferrari

Terry Ewart

A. Ellinthorpe

Fig. 1. Agenda — Acoustic Fluctuation Workshop
22 Feb. 1978, NRL, Bldg. No. 43, Rm. 205




0800 Prediction of Detection Performance
0820 Acoustic Fluctuation Modeling for
System Performance Estimation
0845 Beam Output Fluctuations
0915 Fluctuations Due to Range Rats
0945 Importance of Source Motion, Receiver
1 Motion and Ocean Envircnment
‘, L} Movable Break
1030 Impact of Source Motional
;; Fluctuations on IAP
E | : 1100 Discussion
k| 1115 Acoustic Fluctuations
| : 1145 Range Independent Fluctuations —
Pattern Recognition
E | 1215 Omni Noise Field Statistics —
Depth & Clutter
Lunch
1330 Characterization of Acoustic Propagation
1345 Measurement tools
1400 Open Forum

Adjourn

Magnus Moll

Ray Cavanagh
Andy Fabula
Ira Dyer

W. Jobst

Al Gerlach

R. Spindel
Fred Fisher

J. Schooter

Harry De Ferrari

Dave Keir

Fig. 2. Agenda — Acoustic Fluctuation Workshop
23 Feb. 1978, NRL, Bldg. No. 43, Rm. 205
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Subsequently, a working group* was charged with the task of formulating objectives,
approaches and specific tasks which could serve to assist in structuring R&D programs on
acoustic fluctuations. This document is the result of those efforts and has undergone several
revisions one as a result of coi:si!tation and convening of a special panel** where Navy labora-

tories and industry were represented.

* Dr. Sam Hanish, C.R. Rollins. J. Cybulski of NRL.
** Dr. P. Cable (NUSC). Dr. J. Stewart (NOSC). Mr. C. Spofford (SAI).
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II. BACKGROUND
C. R. Rollins
(See Volume 2)
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III. TECHNICAL REVIEW OF FLUCTUATION PHYSICS

INTRODUCTION

Fluctuations of acoustic signals propagating in the ocean is a subject of considerable com-
plexity. This is caused primarily by random inhomogeneities along the propagation path coupled
to the comparable size wavelengths of these signals. Its two key elements of environment and
acoustics have been studied separately and together, and a copious literature exists. In this
regard the physics of that part of the ocean environment which is thought to be the cause of
fluctuations is still receiving attention. It could be used as the basis of the review to be made
below. An alternate and complementary basis is to consider the propagating medium as a
“‘channel”’ along which a communication signal is being transferred from a source to a distant
receiver. Such a communications approach offers a considerable advantage in that it permits
a large overview of the theoretical and experimental aspects of fluctuations to be formulated in
a simple abstract way which makes visible the otherwise very complicated subject matter of the
study. We shall adopt the communications approach in all that follows.

We begin then with a distant source of sound and assume there is a distribution of rggiators
(or transmitting antenna) which generate a spatial and temporal distribution of sound Q(rg,t;),
a portion Q,,, of which is injected into the channel, thus constituting the channel input. The
channel then propagates the sound along a particular path, transforming it in the process, accord-
ing to an operation T, , so that it arrives at a receiver in the state T,,Q,,. At the receiver the
received signal is then combined with other signals in the receiver antenna which transforms
it according to an operator Ty, and delivers the total acoustic pressure p = Tp T, Qy,. During
transfer, as well as during reception, the channel is corrupted by noise so that both T, and
TR contain random parts. The signal reported by the receiving antenna will therefore be a
random variable, both because the medium is changing in a random way, and because the
medium and the receiving antenna are noisy.

In general, there will be more than one propagation path connecting source to receiver.
We call each d_i)stinct path a channel. Let there be a total of M channels between the center
of the source rg and the ith element of an N-element receiver, located at Tr()). Thus the
total received signal at the ith element hydrophone is,

PR, te, t) = 7 Tt [ (ry, T ) ) Q) (8,11, 0,0) + N, ty)
m

Here the source radiation injected into the mth channel is labeled Q(l;) , and is a function of

the “source time” t;, and source coordinates r; (0, ), where 0, ¢ are spherical angles. The
transmission operatoris T,,, which is conceived to be a function of the source time t;, and an
environment matrix E which contains all the aspects of the environment which govern the pro-
pagation of sound, both deterministic and random. In particular éis a function of the “envi-
ronment time” tg, distinguished from t; by its (generally) different scale, and a function of
source and receiver location. The number of components in matrix E depends on which trans-
mission problem is to be solved, and may include such effects as randomly rough ocean surfaces,
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internal waves, eddies, currents, volume scattering, etc. The symbol N is the local noise at the
ith receiver hydrophone. It is a function of receiver location rﬂ{) and of a time tyy, which again
generally differs from t; and tp by its different scale. Actually N represents an acoustic signal
generated by a noise source QFN) at location ry; (6, ¢) and propagated along one or more chan-
nels to the receiver. Thus, the total received pressure field at the ith hydrophone may be rep-
resented in a different way by the sum of multipaths, each of which may be corrupted by noise,

? M
D, tg,6) = T T (& ECE,, 1y 1, t5)) { Q) (&, I, 0, 9) + QN )ty Iy (0, ) }

m=1

4 This formulation allows the mth channel to carry signals, or noise, or both. When the receiver
E 4 is an L element array de51gned for steering, the pressure in the ith hydrophone is multiplied by
E | a steering operator A(r 1‘1 t). The result is cross-multiplied with the received signal plus noise

1 in all other hydrophones at different time delays 74 to form products which in turn are time
averaged to form hydrophone cross-correlation in space and time. Each such cross-correlation
is normalized with respect to the time averaged power of the ith and the jth hydrophone,

thus delivering a typical term,

AGY, 1) Ry, 74) AGY, 7a)

[R,,(r‘,?, 0) Ry(rR), 00112

The ratio of sum of all these terms when signal only is considered, to the sum when noise
only is considered, divided by the same ratio in a single hydrophone as averaged over the array
constitutes the array gain:

i 3

L (i) (8) (p(i,j) r(i)
i 8 1,) :
> AR R ) AT (p i, o) IR e on 2
Z (R (2, 0) RS e, o)1 2

ij

AG

[\
RS

i A(r(’) T4) R(N) (r(ﬁ y Tq) A(t‘R. T4) &

(R D, 0) R ) 001 1/2
Sl EA
(R @R, 0) RV, 03112

| i <
(s)
R (0)
(N)
L R'p ) J j
|
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In actual practice the steering operators are random functions of time and space,
A~ ACH, 7y ty)

in which t, is an array time, distinguished from all other times by its scale. We return to the
statistics of steering matrices later.

The Environmental Matrix &

-

In general E is a matrix whose elements E, , E, . . . describe the various random environ-
mental processes which affect the propagation of sound. Each element is a random function
of space (15, rg ) and time (tg). A transmission channel can be characterized as time-varying,
or space-varying, or both. To begin, let the mth channel be a time-varying channel randomly
perturbed by E, (tg) and assume it has an ensemble of realizations. Then the autovariance
of E, (tg) is,

Kgm (tgs tg) = (B (tg) - (Ep (tg) ) WEp, (tg) - (Ep, (tg))))

in which the symbol () represents ensemble-average. In real physical events this function
effectively vanishes then tg - tg = Ly, which then defines the correlation time for the E,
perturbation of the environment. If the channel E,, (tg) is nonstationary then L, = L, (tg).
Only for stationary channels is L; function of time difference tg - tg, independent of tg.

Next let the mth channel be space-varying channel randomly perturbed by E., (z)and
assume it has an ensemble of realizations in the z-direction (= depth). The autovariance in
spatial z is the ensemble average

K(Z,Z') = ((E, (2) -(E(2Z))) (B, (Z) - EL(Z')))

Again, for real physical events this function effectively vanishes then Z - Z' = L, which defines
the correlation length of the perturbation E, (Z). If E, (Z) is nonstationary then Ly = L (2),
namely the correlation length depends on z.

Now assume all J elements E;, E, ... Eg of matrix E participate in the propagation of
sound. This might mean, for example, that the transmission channel experiences effects of |
surface scattering (call this E ), volume scattering (E, ), internal waves (E3), eddies (E4),
tides (Eg), etc. One can then form a covariance matrix of all perturbations E,,,m=1,2.. .,

’ _'!

- =3 =) e
K(tE’tE"rs’rl’rR’rR)= KEIEI KE1E2 oW KEIEJ

Kese;, Kggeg Ke,E; _}

-

10




in which the diagonal elements are autovariances, already defined, and the off-diagonal ele-
ments are cross-variances, either time-varying or space-varying, or both. Their form is illus-
$ trated by an example of a time-varying channel.

4 For each element in this matrix one can define correlation times and length, as illustrated
‘ earlier.

From this it is seen that a complete description of the randomizing effects of the envi-
| ronment requires the construction of the covariance matrix of all elements E;,E; ....of the
environment matrix E.

-

In most practical cases of the propagation of sound only one realization of E is available,
rather than an ensemble. If this sample is long enough (in time or space) it can be applied by
: means of the ergodic hypothesis to form correlation averages, R. Thus for a time-varying
channel, in place of Kg;E; the time average over a single realization is used,

Rg,g;(te.te) = Ei(te) Ej(tg * tg)

in which the overbar indicates an average over time tg. Again, if the process Ei(tg) is sta-

tionary, the auto-correlation RE-E,- is independent of tg. When all J elements of E partici-

4 pate in the propagation of sound one can describe the environmental effects by a coherence |
matrix, Rg

s EaE Tl RElEl RElEz ...... REIEJ
d
RE (tE’tEyrprs’rR’rR) = i i

RE’,E 1 REJEZ ------ REJEJ

in which the diagonal elements are the autocorrelations, and the off-diagonal elements are the
cross-correlations, all elements being general functions of space and time. Correlation times
and correlation lengths can then be deduced from each correlation function in the manner
noted earlier for the covariance matrix.

{ The effects of the environment need not be confined to real space and time. It is often
; advantageous to transform the matrices RE’ and KE into wavenumber space and frequency

space. The results are spectral density matrices whose elements YEE ; are obtainable by
application of Fourier transformation through the Wiener-Kinchine theorem,

J WElEj =2F {KEiEi}

Here the transform coordinate pair fixes which space is being transformed. The matrix of
spectral and across-spectral densities corresponding to various perturbations Epy then becomes,

11




WEEy WEE, oo WEIEi

X}

C‘#/EjEl WE]EZ (V.E)E]

->
To illustrate, let El be the component of E which deals with the propagation effects of the
temporal fluctuations in sound-speed profile, that is E — 8 C(tg). Let the Fourier pair be
tg ¢ ®g. Then, for non-stationary 8 C(tg),

"ﬂ/‘a C(‘pE’ d’E') & 2_[ K5 C(tE' tE,) e-i[®EtE - ¢ E,tE'] d(tE, tE')

Only for a stationary process does 95 ¢ depend on &g - ®g.

A further discussion of frequency space, and wavenumber space will be taken up in a
later section.

The time coordinate of the environmental matrix E has been designated tg. A second
time coordinate may be introduced whenever the space coordinates r;, rg themselves become
f__t)mctmng) of time. This occurs when source, or receiver, or both are m motion. One writes

rg(tsm)s rr (kg M), in which tgy, tpM mean source time and receiver time associated with
motion. Motion of source and receiver thus associates a temporal significance to a purely
spatial description of the medium. By Fourier transformation of tgy, tg ., source receiver
motion can be studied in frequency (or doppler) space.

The Channel Operator T,

-

While the environmental matrix E describes the effects of a randomizing environment
on the propagation of sound, the channel transmission itself is described by the operator
T,, which transfers the sound from source to receiver. Thus for the mth channel which
contains source Q,, the delivered pressure is,

Pm = Tm Qm
To elucidate the nature of T, let Q,, be delta-function is space and time,
- -
Qm = 8(rg -r,,) 8(t-ty)

It is known that the acoustic pressure is then the Green’s function G:

- e
Pm (*r, t) = Gy, (TR, Tgo | b, o)




If we write

Ps )= [ [ G G 21808 8 7o) 806 - tyo) 055) a

it is then seen that the transmission is an integral operator,

Ty - ”Gm (g, 75 | ts, t') { }ds?,’dt,'
Thus in general T, is a weighted integral over space and time of the sources of the pressure
field, whether these sources are true sources supplying energy to the channel, or fictitious
sources redirecting energy (by scattering) during channel transmission. In the former case
the space of integration is the small volume surrounding the true source, while in the latter
case it is the space of the fictitious sources of the channel, such as channel area in the case
of surface scattering, or channel volume in the case of volume scattering, etc.

Additional characterization of the transmission T, is obtained by study of the inverse
operator T, 1,

'I‘lﬂ-1 pm = Qm

This is the partial differential equation of propagation of an acoustic pressure in the presence
of sources Q,,, When Q, is fictitious it is written Q,, < app,.

The equation of propagation is then

Tm ™) P =-2Pm

in which a is a function of coordinates, or is constant. Actual forms of this equation in com-
mon use are the parabolic equation, the Helmholtz equation, the eikonal equation, etc. A
great literature exists on the subject of the operator’s T,, Tyn'1, and the solutions of the equa-
tions they obey.

The Acoustic Pressure py,

The contribution of acoustic pressure from a single channel to the ith hydrophone of the
receiver is,

P (), b, tg) = Tpy (b | EEL TY, tg) Qp (8, 1T, 0, )

Since p,, is a random variable it can be separated into a mean part and a fluctuation part,

Pm ={Tp Qm >+ 6 Ty, Qn
In nonstationary fields the mean part is a function of space and time while the fluctuation part
is a function of coordinates, rather than differences of coordinates. The properties of p,, are

13 !
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T,

summed up in its probability density P,  (or distribution) and its statistics (or probability
moments). The statistics most often useén fall into the category of single-point in which
moments are calculated for one point in space or time, or both; and two-point in which
moments are determined with two points in space or time, or both. Three-point and higher
order of statistics are used when special properties of the acoustic field are needed.

The probability description of p,, is often extended from real space to transform space
by Fourier transformation. In particular, the source time t; is transformed to source fre-

quency f; whenever narrow (frequency) band sources are present. Then the field pressure
becomes,

Pen (Bus TR tE) = Ten (fy | E (o TR te) Qm (f, |7, (6, 9))

which at short enough ranges, or for weak scattering, can be represented by a phasor with
explicit amplitude and phase,

Pm (fu IR, tE) = l Pm (fl’?R' tE) l exp {i ¢m (fl';;l’ tE)}

Pa,, (fu TR) €XP (Xpm)

— x .
xm =x‘l'n (fl ’rthE)=xm(1) +lxm(2) ’ 3

in which p,, is the deterministic acoustic pressure at the receiver in the absence of any fluc-
tuations, and exp X is the effect of fluctuations, as described by a complex random variable.

One-Point Statistics

The received acoustic pressure, whether expressed in real space or transform space, or
mixed space, allows one to construct a list of observables, which are defined as real physical
events at single points in space-time: (See following sheet, Fig. IIL.1.)

Observables at single points such as these cover only single channel transmission. Multi-
channel transmission from M channels to single points are described by the expression,

M
PeR tpte)= 3 T ¢ IEGTR te) Qm 4 1%, 6, 0)
m=1]
In the case of narrow band sources this becomes,
p(ri, £, tg) = p, (£, 1)) exp (X)

A new list of observables can be constructed from these quantities by removal of subscript
m from the previous list.

Two-Point Statistics

We return now to the case of one or several single channel receptions and consider two
space-time acoustic pressures received under the following conditions:
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(p)

p2

Ipl

Ipl2

9, xz

(9, (Xg)

($2), (X2)

In lpl2=1

(12) = {(In IpI2)?)
(o) = 2 (X X,)
X1

(p?) = ‘—’2—2 [exp 2((X2)) + exp 2({X2))]
In Kp)I2

(X2) = 2 ((IX12)  Re(X2))
2

| 1

(%) Xp) = 2 Ty (X2)

In (p2)

TQ cos ¢

Note the following definitions of the channel pressure p,,;

Pm = TmQm = TmQm’ + 8QM = Ipy,lexp i¢,, = p, exp X,
p=2ZT,Qn = P exp X
X =X; +iX,
m = channel or multipath number
Figure III.1

List of Observables at Real Points in Space-time
(Symbols defined in text)
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(1) Two single channels to two space points_’r%), rg) at fixed time.

§ -
(2) One single channel at one space point r‘r‘{) at two different times tg, tg.
(3) One single channel at one space point—;(!i‘) at two different source frequencies, f, f;.
(4) etc.

The symbol etc. means a further listing of whatever combination of two events in real space-
time or transform space-time where ‘“time” means a choice of tg, tg, tsm, trm. as defined
above.

The random pressures (or one random pressure and its conjugate) are used to form two-
point statistics in space-time. These are elements of a covariance matrix K, if ensembles of
the random pressures are available, or coherence matrix R, if only one realization is available.
Consider the latter since they are most common, and ‘o begin with, construct cross correla-
tions of two channels. A list of these follows in which m, n denote the mth channel and nth
channel, i, j denote two receiver space points r%) < rﬂ), and t, t' denotes two time points,

Correlation Name of Correlation Function

1) RED(m), £ (n) | tD(m), t§) (n)] (1) Signal frequency-environmental time 4‘
@ RED@), tD @) |t (m), ) (n)] (2) Signal range — environmental time
(3) R[£Dm), )n) | #()) (m), () (n)] (3) Signal frequency-environmental

frequency (bifrequency) ;
(4) R[t(,i,)(m), t, (n) | ‘I’(Ei:)(m), ‘I’(Ej:)'(n)] (4) Range-doppler, or temporal

scat;ering
(5) R[t(:)(m), f('j)(n) | kg) (m), k‘lj‘) '(n)] (5) Frequency-angle of arrival
(6) R[t{Xm), t)’ (n) | kB(m), kG (n)] (6) Range-angle of arrival ‘
(M REm),k0),(n) | k) (m), K @)] (7) Spatial (or angle) scattering L
@) R[(m), t (m) | 8 (m), #) (m)]  (8) Rangedoppler-angle of arrival

autocorrelation or ambiguity

k(.i)(m),-ﬂ(.i) (m) [k (m), k) (m)] function.

<y ' :
9) R[t{)(m), t'D) k() (@ , k(D (9) Range-doppler autocorrelation due
(9) R[ty’(m), t° (m) | k7 (Bgy (m)), K tion of Peal

(®sm(m)) (KD (g (m), K (@rp(m))]
(10) etc.

b o o
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The real and transform coordinates in these correlations are:

< i

| (1) tgof, (1) Range - frequency §
, B
E (2) r, >k, (2) Location vector — angle of arrival !
b vector
; 3) ?R *"—k)R (3) Location vector — angle of arrival
A vector
! 3
i (4) tg > ®g (4) Environment time - environment
: ‘ doppler
3 |
! (5) tgm © Psm (5) Motion time - motion doppler
] 6) trm © PrM (6) Motion time = motion doppler

These correlations, and many more of the same type, are functions of space and time and thus !
correspond to nonstationary processes. Since stationarity is important, we discuss it in the g
next section,

Stationarity

-
Each element in the matrix E is a random process in space-time. The transmission chan-

nel and the arrived signal are thus also random. Because in general the ocean is nonstationary,
and because the construction of nonstationary statistics to difficult at best, it has been cus-
tomary to consider the transmission process as locally stationary. To define this congept it
will be sufficient to take one of the random variables, say the environmental matrix E, and
focus attention on one of its coordinates, say the environmental time tg. We will then con-
sider conditions for gtationarity in this selected coordinate. For simplicity we take only the
mth component of E and represent it as a Fourier transform,

in which Z(d®g) is a random amplitude with mean value of zero. Now the autocorrelation
of E, is,

REm(tE,tE')=ﬂ S PE'E " PEE] (746 )24 (ae'g))

17
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In order for E,, to be stationary in the coordinate tg it is required that correlation R depend
only on difference tg, - tg and not on tg, tg separately. Thus one must set,

(Z(d®g) Z*(dPg')) = 5(Pg - Pg) W (Pg - P dbg ddy ‘

in which °ﬂf(¢E) is the frequency power spectrum of the random E,,. This means that the 3
random spectral amplitudes are uncorrelated at different frequencies &g if E, is to be sta- !
tionary in time tg.

In a similar way stationarity of E,, (®g) in frequency requires that
(Z(dty) Z*(dt,") ) = 8 (tg - t) F(dt, dt;)

so that R(®g, Pg) =R (®g - ®g'). This is the condition of uncorrelated scattering in which
the scattering of that portigr)l of the signal at time t; is uncorrelated to the scattering at time

ts. Stationarity of E, (F:, rg ) in space is defined in the same way. For example, the sta-
tionarity in z-coordinate requires that the random amplitudes Z(dk,), Z'(dk,) be uncorrelated,

(Z(dk,) Z*(dK',)) = 8(k, - K',) F(dk,, dk’,)

This means that different ray paths arriving at a point are uncorrelated in the z-component
of the angle of arrival.

Propagation channels which obey stationarity in the limited sense describe here, and
which have constant mean values in the transmission of a field are wide-sense stationary.
Few channels of ocean propagation which are long enough in space-time are stationary. How-
ever, over a “short enough interval” in space-time the increment in the random ocean process
may be stationary. For example, let E,, be a random process with nonstationary mean in ;1

the coordinate time t;. Choose a “small-enough” increment in time, call it T, and form
the increment

AEm - Em (tg +Tg) - Em (tE)

If the low frequency swings in E;, (tg) occur so slowly that the increment A E,, is unaf-
fected by them then the nonstationary function E,, (tg) is defined to be stationary in its
first increments. The second order statistics of A E,, are then described by the structure
function, which is the ensemble average of the square of its zero-mean part: |

DEm (Tg) =((AE, - (AE_ ))2)

The properties of D are self evident: (1) D(0)=0 (2) D(e0) is finite (3) if E,(tg)isa
random process with zero-mean then

Dgm (Tg) = 2 [Rgp (0) - Ry, (TR)]

18
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From the definition of the concept of structure function it is seen that it can be applied to
each coordinate of space, or time, or both, and to each random process of ocean propagation,
particularly the acoustic processes itself. Thus structure functions of received pressure are in
use wherever nonstationity is tentatively accounted for.

Antenna Function and Total Received Pressure

The pressure received by the ith hydrophone in an L element hydrophone array is cus-
tomarily modified by an antenna steering function A which shades the received amplitude
and introduces a time delay, 74. In actual practice, A is a random process of space and time,
with the coordinate of randomness in time being t, . Summation over all hydrophones then
gives the total received pressure,

L
iR 0,00 te, tta)= 2. Altp 0.0)]| 1R, 7a, t4) PO, b, t,)
i=1

in which ?R (6, ¢) is the coordinate of spatial distribution of the received pressure and

p(r()), tg, t;) is a sum of multipaths. A plot of |p| vs 6, y gives the beam pattern of the re-
ceived pressure, which because of both p(i) and A, is a random variable. The random aspects
of A can be studied in the same way as for the environmental matrix E, namely by formation
of a covariance matrix in the time coordinate t, , or in the space coordinate?%) , or in both.
Alternatively one can form a coherence matrix R of correlations of A in the same coordinates.

The coherence matrix in correlations of the total pressure allows one to obtain the array
gain AG as a function of steering 74 and random perturbation 7, in S/N power in the manner
suggested earlier: o

.
L A, t4) R®) (i, j, 7q) AG, ty)

~

[R® (i, o) R(®) (j, 0)] 1/2
i) [R(®) (i, 0) R(8) (j, 0)] 1i2

A(i, t4) RN (i, j, 74) AG, ta)
AG(rq, t4)= : RN (i, 0) R(, 0)1*2 | »

7T RO G, 0) RN) j,0)] 12 J

R(s) (o)

RN (o)

\ J

in an obvious shortening of notation. Once again, since the A’s are random we noted that
the array gain is a random function of space-time.
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Coherence and Fluctuations

— -
The temporal cross correlation of two signals, p(xy, t) and p(x,, t) over time duration T

is,
T/2
- - -
R(x]_ » X2, f) 7 f p(xl ’ t.) P(xz, t. ¥ T)dt.
-T/2

_>
If the signal at X, simultaneously undergoes a shift, in phase, wgqt, the cross correlation fea-
tures an additional parameter wy,
/2 s
- - — —> -jw
R(xy,Xg, 7, Wq) = px1, t) p¥(xg, t, + ) e O ° dt,
-T/2

The normalized absolute value squared of this quantity is the ambiguity function,

T/2 —» ~jwgqt
If P(xlyt.) p*(;"z’tg +1')e d ‘dt‘ lz
-T/2

f'r/z P(;1 ) |2dt,] [ f'r/z
~T/2 ~T/2

If the signal at 21 is the transmitted signal, and that at _X}2 is the same signal delayed 7 units

and phase shifted wgt units, this function measures the mean square departure of the trans-
mitted signal from its original waveform. A three-dimensional plot of Ix(7, wq) 12 vs 7and

Wy is used in sonar detection and localization because it exhibits a peak at the supposed loca-
tion where there is a target. However, the peak is usually broad, and is generally accompanied
by other peaks, indicating the uncertainty of the presence of a target in the midst of false alarms.

_;1—;2 (T’ wd)'z =[

P(Eg t,) ‘2 dt.]

The search for target by integration over the time domain is advantageously replaced
in many instances by a search in the frequency domain. The method of constructing the
appropriate mathematical surface in which peaks are to be found is briefly as follows. Let a
record of pressure p(t) be represented by N values p(mAt),n=0,1,2...N. The discrete
Fourier transform of these N points into N points in frequency yields the sequence,

{G(mA w)} = {G(o) +G(Aw)+G(2Aw) +....+G((N-1) A w) }
in which
N-1 ot
G(mAw) = Z g(mAt) exp[*lmnAwAt ]
m=0 N

Each G is thus a sum of N exponentials or phasors for each value of frequency mAw. In this
way signals at space points X, X, can be represented in the frequency plane. Similarly the
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cross correlation of signals in the time domain has its analog in the crosspower spectrum in the
frequency domain. In particular, the ambiguity function at a single frequency (mAw) becomes,

N
,%;1 ellwd Gy, (mAwW) G*2, (mAw, 1) |2

S;’l;’2 (mAw, 7, wg) =

N N
|62 maw) 2 2| Gmaw,ni

A plot of 857 ¥y vs 7 and wy is a topological surface of the cross-power spectrum between sig-
nals at X, and X, calculated on the basis of a single frequency. The highest peaks of all peaks
of this surface identifies possible targets, but with ambiguity caused by the br~- Aness of the
peaks and by the presence of false alarms (smaller peaks).

- - —
The locations X, , X, can refer to several points of measurement o€ signals: X; can be the
source location and X, the point of reception; or, X;, X, can be the location of two hydro-
phones in an array, or two arrays in a multi-array receiving system. In all cases plots of S7; ;%2
vs 7 and wy are labeled coherence surfaces of signals at X,,X,, 7 is called the range, or the
time difference of arrival, and wj is called the differential Doppler.

The factor exp (-jlwgy) in Sy 4 x2 is significant. Since 2 (or discrete time) and w, are a
Fourier pair, it is seen that increasing the limit of 2 from N to some higher integer simultan-
eously decreases the width of wg, that is, it increases the resolution in Doppler.- One says
that increase in the integration time(meaning the sum over Y)increases the resolution in wy.
Similarly in the form,

N-1
GmAw,1)= 3" gm(At+)exp (-_2;_, mnAw(At + 7))

m-1

if one increases the limiting value of m which is equivalent to increasing the bandwidth of the
processing, the resolution in differential time of arrival 7 is also increased.

The mathematical content of coherence surfaces [x;1 x2!2 and S} ¢ s0 far have not
accounted for ocean fluctuations. In actual measurements'in the ocean these surfaces have
been found to fluctuate as functions of environmental time tg and multichannel interferences
2T, caused by relative motion of source and target, whether opening or closing. The study
of coherence surfaces may thus be distinct from the study of fluctuations. The latter is essen-
tially a study in statistics, the former is essentially deterministic.

Modeling Fluctuations in Signal Excess in Sonar Detection Models

Each term SE; in the equation of signal excess represents a random variable in space-time.
For a fixed point in space the stochastic process SE;(t) can be modeled in several ways in
accordance with the requirements of the underlying physical process. In most applications
the mean SE;(t) although the function of time, is considered deterministic. Attention is then
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focused on the fluctuating part X(t). Given the great diversity of causes of ocean randomness
it would seem that the construction of a single model of X(t) is not feasible. However, if the
underlying physical process leads to a normal probability distribution of X(t) and an auto-
correlation which is exponential in time, and if a plot of X(t) vs. t looks like a random walk
with discrete steps of relatively small size, one could usefully adopt a random walk model for
X(t).

Fig. III.2 shows two realizations of a random function Y(t) pictured as a random walk:
the abscissa is Y(t), quantized into distinct excursion steps, or states, Yo, Yy, Y, Y;,
Ho Litea s , while the ordinate is quantized in time, 0, 7g, 27g,...... Realization 1
consists of the walk Y;,Y,, Y ;, Yy, Y.;, Y., Y.; while Realization 2 describes another
walk Y ,,Y,, Y, Yo, Y, Yy, Y; . The probability of the occurrence of Realization 1
is modeled as a Markov chain,

P Il} =8y P1,0 Po,-1 P-1,0 Po,-1 P-1,-2 P-2,-1

in which a_ is the initial probability that Y(t) is in state Y;; p; ¢ is the conditional (or tran-
sition ) probability of going from state Y, to state Y; Pg,; is the transition or proba-

bility of going from state Y, to state Y, etc. The probability of occurrence of Realization 2
P {2 } ), is similarly constructed. In numerical work one must assign probability distributions to
a;, and p;;, depending on the physics. Since these choices are critical a variety of them have
been proposed to fit measurements. Suppose the chain of a + 1 states exhibits a tendency to
cluster about a central state Y, and that the movement from a high number state toward the
central state is always more likely to happen than away from it. The matrix of transition
probabilities is then modeled as,

Poo Po1 Po2 Po3g ---- po,_] PO 1 0 0. 00 3

Pio Pn1 P12 P13 ---- P1a a1 0 Tat 0...... 00

P2o P21 P22 P23.... P2a x 0 2a71 9 1-2a1 00
| Pa0  Pa1 Pag  Pa3 ---- Paa | _() 0 0 s s io i

A Markov chain of Y(t) that features these transition probabilities is an Ehrenfest random walk.
The entries mean the following: if Y(t) is initially in state Y it has zero probability of remain-
ing there, pgg = 0. In contrast it moves to state Y, with certainty, py; = 1. If Y(t) is in state
Y, it has zero probability of remaining there, p; ; = 0. It either moves to state Yy with proba-
bility a'1, or to state Yo with probability 1-a-1. It has zero probability of moving to any other
state than the one immediately to the left or to the right. Since a is usually large the movement
favors Yo, If Y(t) is in state Y, it again has zero probability of remaining there. Instead it
moves to state Y; with probability 2a-1, and to Y3 with probability 1-2a-1. Once again Y is
more likely. Now suppose Y(t) is in state Y, > a/2. Then the movements Y;.1 has probability
j/a, which is greater thaii 1/2, and to Y;.1 with probability 1-j/a which is less than 1/2. The
movement back to a lower state is therefore most likely. Thus Y(t) in this model is a diffusion




with a central force. The random walk pictured by Y(t) clusters around a mean value a/4,
with a standard deviation of / a/4. In order to model the fluctuation X(t) it must have the
mean value removed. When this is done one can form the ratios,

SE-SE X _Y-a/4

OSE osg  a/4

in which ogy, is the standard deviation of the signal excess (an experimentally determined
quantity). Now the probability distribution of Y(mtg),m =0, 1, 2. . . is known to be bino-
mial with mean a/4, and variance a/4 (see Feller). By choosing the number a+1 of states of Y
Y one can construct a random number generator from which realizations of sequences

Yy, Y; ... Y, can be obtained, modeled as Ehrenfest random walks, with mean a/4 and
variance a/4. From these sequences one can obtain realizations Xg, X1, . . . X, by multi-
plication with ogg. Thus any sequence {Xi can be generated as a Monte Carlo trial begin-
ning with the state Y;, which itself is sel according to some probability distribution
(usually normal).

Time Interval of Stepping, Ty,

A random walk in time requires specification of a stepping interval 7. Now if X(t) is
taken as a general Gauss-Markov process its normalized correlation-function is exponential,

_At
px(tz-t1)=e TR At=|t2-t1|

in which 7y is the “relaxation time”, or that time interval t, - t, when px =e-1. In contrast
the autocorrelation function for the Ehrenfest random walk is

a-2\8
PE(s) = .

in which § is the number of steps of Y(t) to be used in forming pg. If Y(t) is to model X(t)

one requires,
a-2 = @~ At/TR
a

For a single step one sets S = 1. This then defines the interval 75 = At.

a-2
a

a-2
Tg =-TR ln<——>

= e-TE/TR

or

a

*W. Feller, “An Introduction to Probability Theory and Its Applications,’, Vol. I.
Wiley, New York (1943).
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Thus the stepping interval in time (=7g) is determinable as soon as the relaxation time 7y of the
underlying Gauss-Markov physical process is known, and a number a + 1 of states is specified.
Random realizations of Y(mrg) are then supplied by the random number generator in the form
of steps of the Ehrenfest random walk, from which various X(mrg) are determined.

Environment, Target and Sensor Fluctuations

‘In more refined models of detections of sonar the total fluctuation X(t) is taken to be a sum
of fluctuations of terms in the equation for signal excess SE = SE + X(t). Typically,

X(t)=Xg (t)+X(t)+Xg (t)

in which environment (or transmission loss), target, and sensor (hydrophone or array) are repre-
sented. Each X; can be modeled as a statistically independent random walk with measured stan-
dard deviation ox(i), measured relaxation 7g (i) and selected stepping interval 7g ;, as determined
from 7R (;) and the'selected number of states (a+1)(;). The variance of the total (t) is then,

osg? = og? + op? + 052

The variations of X; with time t make it sensitive to frequency. Thus the assignment of Ox(i)
and TR(i) will vary with frequency.

SYSTEM SIMULATION (SS)

Underwater surveillance systems are visualized in Fig. III.2. The key features are: (1)
number and location of signal sources Sy, m = 1, 2...; (2) number and location of noise
sources Ny, m = 1,2...; (3) spectrum of the gignal source, or noise source; (4) number of
sensors, Ag(i), i = 1,2...; Ay(i), i = 1,2...; (5) number and character of transmission channels.

This visualization in its entirety is simulated (not duplicated in a physical sense) in its
dynamic operations (detection, localization, tracking) by the computer program SS. The
simulation is on a very large scale: it handles a large number of separate sources of signal and
noise, several frequency lines per received target, and a large number of sensors. Simulation
begins with a sonar equation for each source-channel-receiver to determine signal-to-noise
ratio. Since each term in the equation is a random variable there is a need to specify its proba-
bility distribution and statistics. The mean value of each term is obtained by interpolation
from a table of mean values previously stored in the memory of the computer from accumu-
lated field data. Its value is stationary with time. The fluctuating component of each term is
modeled as a Gauss-Markov process (or chain), meaning that in successive realizations of time
record of length O to T, the probability between immediately adjoining points is Markov.
Since the sonar equation is in logarithmic units the probability distribution of the Gauss-
Markov chain is taken as lognormal with a variance (or standard deviation) to be supplied to
SS as drawn from field data. The second order characterization of the Gauss-Markov simula-
tion is the temporal autocorrelation of a single realization. Since this correlation is assumed
exponential with a characteristic relaxation time 7y field data must again be used to furnish
this to SS as an input. Other acoustic inputs to SS are listed in the proceedings paper by
Fretwell,
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‘ Schematic of Underwater Surveillance Systems




When all the acoustic input to PSEUDO is completed the computer program selects from a

random number generator based on Gauss-Markov statistics and from the input field data a set of

: random numbers to represent realizations of fluctuation processes in target strength, transmis-

' sion loss, ambient noise, beam noise and signal gain. Mean values of these same quantities are

obtained from an interior stored table by simple look-up guided by the acoustic input. PSEUDO

F then completes one run, delivering a single realization of received acoustic pressure versus time.

£ The program is then returned to initial conditions, a new set of random number is drawn, and a

g second realization is completed. The procedure is repeated many times to build up a sequence
of realizations of sufficient number to allow ensemble averages to be made with confidence, and
hence to allow a statistical description of the SNR of the received signal to be made. From this
system performance can be estimated: (1) detection is declared when the SNR rises above a

| threshold (statistically selected), (2) classification is determined by signal to noise ratio
criteria, (3) localization and tracking are accomplished by use of the SNR’s in separate
algorithms programmed into PSEUDO. PSEUDO is used primarily as a comparator of

: rival or competing underwater surveillance systems declaring some to be better than

others within the assumptions built into its algorithms. Since it does not duplicate physi-

cal processes in the ocean its validity must be sought for in the context of Monte Carlo

trial on simulated random processes rather than in realization by realization agreement

with physical measurement.

E' ‘ Solving for Channel Transmission Operator Ty, , Tp, ™}

The ocean is stratified in the depth coordmate z, and the properties of stratification vary
with the range coordinate X. At a point Y'in the medium and at a particular frequency w the
pressure field can be represented by an angular (spatlal) spectrum of plane waves in the trans-
verse wavenumber kt and transverse coordinate p p=jy +tkz

p(r, w) = _'19] F(k;, w; X) e‘kt"’ dk,

S
| k; = jky +kk,

The plane wave amplitudes F are generally not expressible in closed form. However, for slow
medium variations F may be approximated by the WKB representation,

- X —>
F(k,, w; x) = A(k;, w; x) exp {lf ky (k¢, w3 §) dE}

f Thus the angular spectrum representation of the pressure field becomes,
- o o IT= - x - =2
p(r, t) = e Wt doy Ak, w;x) exp < i [ ki*p+ ky (k¢, w; &) dE “pdk,

Here the s_qur_qe of the field is not explicitly represented. If a point source in space is
present, Q = §(p - p') 8(x - x'), the amplitudes F are the longitudinal Green’s functions G,
which in the WKB approximation, become

F= G(kt,wxx) A(kt,wxx)exp{ f f [k (kt,wi) - ky (kt,w,‘c’)}lﬂdE




The four-dimensional space time Green’s function is then constructible in the form,
=t dk; dw
- . > - . ’ t
G(r,r; t,t) = fff G(k,, w; X, x') efkt(p = 5 ) giv (t-t") 2n)°

When the source is distributed in space/time, Q(;:, t), the resultant pressure field at a specific

frequency w is - =S 5 -

p(rg,w) = f o G(rg, rg | w) Q(r; | w) dr,
or

—> o = X =3 - - -~
p(rg, w) =f°la Ak, w; xR, X,) exp{i / Rk, (ky, w; ) dt}eikt * (PR - Pg)
v !‘
X Q(r, | w) dk, dr,

where

;! =i‘xu +jyl +l;z' ={xs +Ps
The relation of these forms to the operator T, is seen in the definition,

Pm= TmQm
Thus, in the WKB approximation, the channel operator T,,, becomes,

. fvol fl 3 Alky, @i X, %) exp ‘{,,f i Ky (ky, 3 £) dE

X e ikt' (PR - Pg) { }dzsd?.

A principal feature of this operator is integration over the range (X) component of the propa-
gation vector to give the WKB approximation to phase.

This form of T, is deterministic. However, in ocean propagation the pressure at?R isa
random variable. To represent this condition the amplitudes A are made random variables.
Thus T,,, for the general transmission channel is a random variable.

The Basic Tracking Problem in System Performance Modeling

A submarine radiating specific sounds follows a prescribed underwater track in a
selected area of the ocean (Fig. III.3). Several listening receivers (A through F) are re-
quired to track the path of the submarine. The received signals and noise at these arrays
form time series (Fig. II1.4). These exhibit random behavior about some mean. At
several times in each record there are sudden drop-outs, where occurrences are random.

At other times the signals fade out completely. Let a threshold TH be set for each time
record, and assume that when SNR is above TH the submarine is detected. Because of the
random nature of these records several probability statements on detection are required to
be formulated. Two examples are:
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(1) What is the probability distribution that a specific array will track the target at least
X minutes? (2) What is the joint probability that two (three, four, etc.) arrays will track
the same target at least X minutes. The answers to these questions and others in existing
systems are of course obtained by trial. However, proposed new systems and proposed
improvements on old systems must be critically evaluated between competing candidates,
making system performance prediction mandatory. The construction of prediction algo-
rithms becomes thus a basic problem.

A first approach to system performance modeling is to duplicate the underlying
physics directly by mathematical formulas and numerical analysis. In this procedure the
acoustic pressure arriving at arrays A through F by multipath channels through a randomiz-
ing ocean is obtained by physical analysis. This yields a spatial distribution of mean value,
which is locally a function of time, and spatial and temporal auto-and cross-correlations
(or mutual coherence) of the fluctuating component of the field. Correlation lengths
correlation times, power spectra, etc., are predicted from a knowledge of the environment.
This approach is shown in Fig. IIL.5
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Figure II1.5

Using this model one computes acoustic intensity and thus one obtains transmission loss.
Other components of the sonar equation are similarly treated e.g., analysis of underlying
physics is made for ambient noise, and a model constructed. Also, by means of statistical
antenna theory one constructs a mathematical model of the array gain, beamwidth, etc.
which includes spatial and temporal fluctuations.

All these analytic models of sonar equation components contribute to the SNR at each
array. Since each SNR is a random process it will have a predicted probability distribution,
from which all the statistical moments can be drawn. Thus the statistics of SNR at each
array can be predicted for each position of the submarine along the track. Furthermore, the
models also contain algorithms for predicting the spatial and temporal cxx s correlation of
total SNR between arrays. This gives estimates of SNR interarray mutual coherence, SNR
correlation time and correlation length, which in turn can be used to calculate the real
physical tracking statistics of real systems, and hence can be used for system performance
prediction.
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A second approach to system performance modeling is to devise a simulation algorithm
~ which models the tracking problem as a random process, chosen for convenience as plausible,
; but not specifically addressed to the underlying physics. For each track position the acoustic
intensity (or transmission loss) from submarine to arrays A through F is simulated as the sum
of a deterministic mean value and a random (fluctuating) value. The mean value at each array
is obtained from entries in a previously prepared table which are based on past experience and
f past modeling, in similar ocean areas at similar ranges between source and receiver. The fluctu-
P ating part of received acoustic intensity at each array is modeled as a plausible temporal ran-
L dom process. Currently, the popular choice is a Gauss-Markov process equivalent to a random
E walk, implemented in the form of a random number generator. Each number delivered by this
F i generator is a step of random amplitude to be added to the mean value of transmission loss
i already obtained for the specific track position and specific listening array, the total being a
realization of random transmission loss. At the same track position, other components of the
sonar equation are similarly realized, and hence a single realization of signal excess is obtained
for each array. Upon moving to the next position<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>