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Preface

As far as underwater source localization is
concerned the Matched Field Processing
(MFP) is an effective method. Floating
ship localization, submarine localization in
military section and fish finding in civilization
are considered as the main application of
MFP. Besides, determining environmental
parameters such as sound speed profile,
bottom topography and array tilt are also
developed.

Some methods such as empirical mode
decomposition, adaptive MFP, compressive
MFP and especially stochastic MFP using
Riemannian geometry (RMFP) have been
introduced recently in order to increase
MFP’s reliability and resolution. It seems
that the RMFP is the strongest candidate for
the future development of MFP since it is
inherited the strong foundation of both MFP
and Riemannian Geometry. Surprisingly, not
only the nature of curvature of sound wave
but also the nature of MFP are exploited in
RMFP.

The aim of this monograph is introduce
RMFP by considering the Riemannian
distance instead of Euclidean distance. Two
approaches of RMFP construction, i.e., iso-
metric mappings and direct Riemannian
distance calculation are introduced.

The organization of this monograph is as
follows. Two first chapters of this monograph
revised the reader about the essential
meaning of Gauss Curvature, Geodesic
equation, iso-metric mapping in Riemannian
Geometry and the state of the art of MFP.
Chapter 3 presents Riemannian MFP. Chapter
4 concludes the monograph with discussions
about the performance of MFP.

This monograph is designed for graduated
students, scientists and senior engineers who
working in the field of underwater acoustic
engineering.

We would like to thanks SACLANTC for
providing access of SONAR array data. We
also express our gratitude to University of
Engineering and Technology (VNUH) for
partial financial support this monograph.
Finally, | deeply express my appreciate to my
family, especially my father for their patient
and love to me.
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CHAPTER1.
GAUSS THEOREM

The purpose of this chapter is provide the
concept of line curvature in space, Gauss
curvature and their quantities in view of
differential geometry. In this chapter, the
principles of forming the Geodesic equation
and the iso-metric mapping in Riemannian
Geometry are also introduced.

1.1 Line curve in space

The continuous curve parameterization [1-2]
in R" (n=2,3,..) is a continuous function , in
y:I— R" which I < Ris an open interval with
their limits —o<a<b<w

Given the point P on the curve, the tangent
vector at the point P is given by

4

" asl (1)

Giveny as continuous curve parameterization
the line curvature at the point P in spaceis the
rate of change of tangent vector at the point P.

The line curvature at the point p is given by
[1-2]

I %73
3
|77

K(p)=
(1.2)

Where 7} is the second derivative of 7 at the
point p. To justify the k(p) is not difficult for the
reader.

Fig. 1. 1 illustrate the line curvature concept
when comparing the line curvature with
the maximum curvature possible, i.e., the
curvature of a circular (x(p)=1/r with r is the
radius of the circular).

Fig. 1.1 Maximum line curvature in space

1.2. The first fundamental form

The continuous parameterization of a surface

in R®is a continuous function x:U — R*with
U < R* is non empty open set.

n=consi.

Fig. 1. 2 The parameterization of a surface

For example, consider the point p with
coordinate x(u,v). The image of pis point ' in
S=x(U) in new coordinate chart. Since x is not
injection so there is a possibility of more than
one coordinate of p' in its image.

Given the surface parameterization and
coordinate chart x, the tangent vectors which
are forming the tangent space at the point p
can be written as

x, =dx/du;x, =dx/dv (1.3)

Assume that the tangent vector, w, at the
point p with coordinate a and b so

wzaxu+bxv (14)

The first fundamental form is given by [1-6]

I= <W,W> = <axu +bx,,ax, + bxv> =a’x] +2abx,x, +b’x;

(1.5)
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Or
I =a’E +2abF +b’G (1.6)
Where
E=x,x,
F= u v
G=xx,
(1.7)

In view of matrix we can express the first
fundamental form as follows

I=(a b)T(F GJ(a b)

(1.8)

2)

(1.9).

The matrix of x mapping is [E
F

1.3. The second fundamental form

In differential geometry, the Gauss map as in
Fig 1.3 maps a surface in R® to the unit sphere
S2. Namely, given a surface U laying in R®, the
Gauss map is a continuous map N:U — S
such that N(p) is a unit vector orthogonal to U
at P, namely the normal vector to U at P.

P} /iw
s?

Fig. 1. 3 Gauss map

The composition of x map and N, Gauss map
has the Second fundamental form.

Let me show you the quantity measure of the
Second fundamental form [1-6] as follows

Il =({dw,dN) = <d2wyN> (1.10)

Since w = ax, +bx, itis defined

u

d'w=ax, +bx,
V,

d'w=ax, +bx,

2, uv, 2 2
d'w=d"w=(ax, +bx,).(ax, +bx, )=a"x, +2abx, +b'x,

uy

Then we obtain (1.17)

1l = <d2W, N> =a’x,.N +2abx, .N +b’x, .N
(112)

N = X, XX,
Where " |Ix xx I is unit Normal vector of the
surface o
U e=x,.N
If weset g=x,.N

f=x,N=x,N

then the second fundamental form can be
written as

1 zaze+2abf+b2g (113)

In view of matrix we can express the first
fundamental form as follows

1=(a b)T(; g](“ ) (114)

The matrix of xoN mapping is
7 2
/g

Gauss curvature

(1.15).

1. 4.

The Gauss curvature, is considered as
the extended of the line curvature in two
dimension. Basically, the Gauss curvature
is derived the first time by the very famous
mathematician Carl Friedrich Gauss [1-6].

Given the surface parameterization and
coordinate chart x, the first fundamental form
is

2 2
I—a E+2abF+b G (116)
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Where E=xx,
F=x,x,
G=x.x, (117)
The second fundamental form is

Il =d’e+2abf +b°g (118)

Where
e=x,N

g=x,N

f=x,N=x,N (119)

It is defined the Gauss curvature, k(p), is ratio
of the determinant of the second fundamental
form to that of the first fundamental form

[1-2].
e f
a7

(P)= el “TE F
F oGl (120).
_eg-f?
Kp=2c—/= a2

Gauss theorem:

The Gauss curvature K is intrinsic, it means
that it can be expressed completely by the
elements E,F, and G the first fundamental form
and surface parameterization x.

(178

/ s’
x\ Y — \ XoN

= )
A

go

Fig. 1.4 Gauss curvature

1.5. Geodesic equation

Letusintroduce aboutthe vibrational problem
which going back to the 18" century and is the
main work of Karen Uhlenbeck around 1980
[7-9].

We have a functional

F(u)= j D(u,u )dx 122)

defined on functions u of one variable x.

The Euler-Lagrange equation associated to
the functional is given by

SF = jéur(u)dx

vy 20 _d 20

ou dxou
(1.23)

The Euler-Lagrange equation is.

Depending on the context, the functions
would be required to satisfy suitable boundary
conditions or, as in most of this article, might
be defined on a compact manifold rather than
a domain in R", and u might not exactly be a
function but a more complicated differential
geometric object such as a map, metric, or

connection.

X

Fig.1.5 Critical point with a minimax sequence.
Theresultis reproduced from [9]

One interprets 7(u), defined as in (1.23), as the
derivative at u of the functional F on a suitable
infinite dimensional space X and the solutions
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of the Euler-Lagrange equation are critical
points of F. If the functional F is bounded
below one might hope to find a solution of
the Euler-Lagrange equation which realizes
the minimum of F on X. Fig 5 show finding a
critical point with a minimax sequence.

The solutions to a variation problem in one
dimension are geodesics in a Riemannian
manifold.

Here we take N to be a compact, connected,
Riemannian manifold and fix two points p, g in
N. We take X to be the space of smooth paths
7:[0]]>Nwith, y(0)=p,y(1)=q and the
energy functional

FO=IV 0

Where the norm of the “vector velocity” Vy is
computed using the Remannian metric on n.

The Euler-Langrange equationis the geodesic
equation, inlocal co-ordinates [9-10],

STy =0
v, ; LTV 1.25)

Where the “Christoffel symbols” I are given
by well-known formula in terms of metric
tensors and its derivatives. In this case, the
variational picture works as well as one could
possibly wish. There is a geodesic from p to
g minimizing the energy. More generally, one
can use minimax arguments and (at least if p
and g are taken in general position) the Moose
theory [10] asserts that the homology of the
path space X can be computed from a chain
complex with generators corresponding to
geodesics from p to q.

1.6. Iso-metric mapping

Considering a manifold_m which consists of
CSDM (Cross-spectral density matrix) matrices
and is equipped with inner product g _ on the
tangent space T, (m). Given the inner product
g, onT,(m) each point m that varies smoothly
from point to point in the sense that if x and
y are differentiable vector fields on m, then
m—g, (X|,.Y|,)is a smooth function [311].

Iso-metric mapping [3,11]

Letthe mapping f:E — M where me E,me M
M is CSDM matrix manifold and E is subspace
of Euclidean space.

If the Riemannian metric on M is given by

gn{ab)=(ac) (1.26)

Where a,beT, (m)and ¢ is matrix which is
satisfied some rules in order to the necessary
and sufficient that a,beT,,(m) then T,,(m)
and T.(m)are isometric.

Suppose that we have two points m, and m,
on M. Parameterization of smooth curved
path on m connecting m, and m, is a smooth
function y:0+— M in which e Rand ¢ is an
open interval with their limits 8 <0<9,.

=

X' v)

Fig. 1.6 An example of Iso-metric mapping

An example of iso-metric mapping is shown
in Fig. 1.6. It is the mapping from the tangent
space of a torus into the a tangent space of
unit sphere. In general, the torus could be
replaced by any kind of Riemannian manifold.

The length of the path between the two points
is calculated as

0y
I(m) = | |fg,,(m',m)d0
HD

, _dm
where " T 49, and g,(m’,m") is an inner
product in the tangent space, T, (m), at m on
M.

(1.27)

The Riemannian distance between the two
pointsis defined asthe length of the geodesic,
i.e.

d.(m,,m,)=

= min {
m(6){6,.6,[->m

I(m(0)}
(1.28)
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The length of a geodesic connecting m,
and m,in m has the same length of geodesic
connecting j;,and g, in E as a result of the
iso-metric mapping.

Therefore, we can derive the Riemannian
distance by Euclidean distance as follows

dR(ma,mb) :dE(rha’ﬁ’lb)

(1.29)
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CHAPTER 2.
MATCHED FIELD PROCESSING

The aim of this chapter is introduce the
Matched field processing (MFP). There are two
approaches. In the first one, environmental
parameters are bringing into the signal
processing model so that MFP could be
adaptive to the variation of the environment.
In the second one, MFP is considered as a
robust signal processing instead of optimum
signal processing as usual in statistical signal
processing.

2.1 The first approach of Matched field
processing

Let us introduce the subject of Matched field
processing by considering the MFP as the
signal processing method [1-8] which is
embedded the environmental parameters as
in Fig.1as follows

True source range

I True source depth

Information

_—> Fropagaton

Phone

~owweno-~ym
)
[

Ty
;

Ambiguity Surface

Fig. 2.1 Basic components of MFP. The result
is reproduced from [2]

FromtheFig. 2.1itis clearthatthe processor of
MFP in general using two kinds of signal. The
first signal is environmental information and
the second signal is measured signal coming
from a vertical, horizontal or cylindrical
hydrophone array.

It is important to emphasis about the
environmental information, we could collect
as much as possible but at least the sound
speed profile (SSP) must be achieved.

If we consider the deep ocean as a single duct
with rms sea surface roughness ¢ =2 m, and
a totally absorbing bottom the SSPis depicted
as follows

o=2m

o(500) = 1476 m/sec

<(z) = Speed of sound at depth z

©(4500) = 1530 m/sec

Fig. 2.2. Environmental parameters
representing a single duct deep ocean sound-
speed profile, rms sea surface roughness,
o =2m, and a totally absorbing bottom. The
result is reproduced from [2].

In reality, the reflecting bottom is made of
sand or mud or a composite of sand and mud.
The deep sediment layer is over 500 m and
has elastic property. Typical relative densities
of those layers are illustrated as in Fig. 2.3 as
follows

Cahgar (5100) = 3000 misec (51000 = 7080 misec

Fig. 2.3. Environmental parameters illustrating
reflecting bottom consisting of a 100 m deep
sediment layer over a 500 m deep elastic
layer over an elastic half-space. s The result is
reproduced from [2].
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The fact that, the ocean environment could with the boundary conditions such as
vary from place to place. In some case, we

have to deal with the double duct (double V(o):(),d_V
oceanic waveguides) as in Fig. 2.4 as follows z

0

z=D =

(2.3).

300) =
<(500) = 1496 m/sec

<(1000) = 1481 m/sec

The former condition implies a pressure
release surface andthe latter conditionis from
a perfect rigid bottom. The modal equation
that is the center of the NM, has an infinite
number of modes. Each mode represents
by a mode amplitude V,(z) and a horizontal
propagation constant k,,. v (z)and k,, are
also called eigenfunction and eigenvalue respectively

¢(z) = Speed of sound at depth z

Noting that the modes are orthonormal, i.e.,

D
[[ECLACR.
0 P2)
AGk
Fig. 2.4. Environmental parameters for double j ) dz =
ductdeep ocean sound-speed profile. Bottom o P
is totally absorbing. The result is reproduced (2.4)

from [2].

Since the modes forms a complete set, the
The main idea here is MFP is not only pressure can represents as a sum of the
processing the signal from the hydrophone normal modes
arrays butalsothe signalfromthe propagation

models, w(r.2) =3 @, (W, (2)

(2.5)
After some manipulations, we obtain

2.2 Propagation models ;

w(r,z)= V,(z)H,(k,r)
2.2.1.The Normal Mode 4p(z,)

(2.6)
Staring from Helmholtz equation in two
dimensions with sound speed cand density p  where H, is the Hankel function of the first

depending only on depth z [9-14] kind.

Substitute (6) back to (5) we have

10,0v, 0 1oy o 5()5G-2) -
r or " or ) az(p(z) 0z +c(z)2l// 27 v(r,z)= : ZVm(ZS)Vm(Z)Hé(krmI”)
4p(z,) W
(2.1) (2.7)
where z is source depth, z is depth and r is Finally, using the asymptotic approximation
distance. of the Hankel function, the pressure can be
written as
Using separation of variables w(r,z) = ®(r). V(z) . ; .
we obtain the modal equation e L N (W (2) S
5 I//(I”,Z) p(z) r87z'}"e ; m(Zs) m(Z)\/k_
d 1 de(Z) (0] P R rm
plahnl +l——=-k,"1V,(2)=0
dz p(z) dz c(z) (2.8)

(2.2)

10
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2. 2. 2. The Parabolic Equation

Starting from the Helmholtz equation in the
most general form [12]

Vi +ky(n* =Dy =0 (2.9)

where » is the refraction index of the medium
and k, is the wavenumber at the acoustic
source.

In cylindrical coordinate, (1) becomes

W, Ly by R~y =0
r
(2.10)

in which the subscripts denote the order of
derivative.

From the assumption of Tappert [13-14], v is
defined as

l//(l",Z) = (D(I",Z)V(l") (21»])
where zdenotes depth and rdenotes distance.

Thus (2.10) becomes the system of equations
as follows

7

D, +(1+3Vrjq>, +O_ +k (n* =)D =0
14
(212)
and

V,,,+lVr +kV =0 (2.13)
r

The root of (13) is a Hankel function with its
approximation as

2 itkrD)
Vo =Hylhyr)= [

ot

(2.14)

After some manipulations, (2.12) becomes

2ik,®, —D_ +kj(n* —1)® =0 (215)

i.e. a parabolic equation.

Taking the Fourier transform both side of (2.15)
in zdomain obtained

2ik,®, — kD + k(> ~1)D =0 (2.16)
Rewrite (2.16) in simpler form as

202 1\ _ 12
® +M@:0 (217)

r l 0
Thus, from [9] we have
—k(f(nz—l)—kzZ i}

(r

O(r.k )=,k )e o (218)

where @(r,,k.) is the initial value of the source.

Taking the Inverse Fourier transform both side
of (2.18) obtained

o —iArk?
j@(ro,kz)e o e ik
- (2.19)

*o A
O(r,z)=e?
where Ar=r—r,.

Finally, we arrived

ik—o(nz—l)Ar~71
O(r,z)=e? I Je

—iArk? I

2o S{q)(ro,z)}J

(2.20).

Thisform s called Split-Step Fourier transform.

2. 2. 3. Simulation Results

Inthis simulation, Tonkin gulfisused as Pekeris
waveguide model with its sound velocity
whichis measured from [15]. Thuc was carried
out many sound speed measurements which
were reported in his monograph. On the basis
of Thuc's results, the medium parameters of
Tolkin gulf are given in the Table 2.1 as follows

Table 2.1. The medium parameters

Value

100 m
c(z)=1500+0.3z (m/s)
Sand, p,=2000 kg/m’
¢,=1700 m/s

=250 Hz, h=99 m
Gaussian, SNR=3dB

In Table 2.1, c denotes sound velocity whereas
p indicates medium density.

Paremeter
Ocean depth
Sound speed in winter

Bottom

Point source
Noise

N
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The transmission loss factors (TLs) of NM and
PE are shown [16] in Fig. 2.5 and Fig. 2.6.

-------- : Normal Mode
—— .Parabolc Equation, Noiseless

Transmission Loss Factor (dB)

10000
Ranae (m)

15000

Fig.2.5. Transmission loss factors of NM and
PE with range up to 15 km, noiseless case.

10!

: Normal Modo |
—— -Paraboic Equation, SNR=3d8

-
e
o

L L

Fig. 2.6 Transmission loss factors of NM and
PE with range up to 15 km, SNR=3dB.

From Fig. 2.5 and Fig. 2.6 we can see clearly
that the TLs of both NM and PE with range up
to 15 km far from the acoustic source. In the
conditions of this simulation, this TLs are stable
after hundreds of simulations. Further, there is
the agreement of TLs between NM and PE.

In the first case (noiseless case), from Fig. 2.5,
the TL of PE seems reducing to distance more
slightly than the TL of NM. It is basically, could
be thought of the nature of range dependence
of PE approach.

In the second case (when SNR of 3 dB), from
Fig. 2.6, the agreement of TLs of both methods
ismore consistent since the signal level in this
case is higher than the noise level and it is
compensated for a long range transmission.

The computation of PE is slightly more than
NM (it is not shown here).

2.3 The second approach of Matched field
processing

Let us introduce the second approach of
Matched field processing which is called
robust signal processing [17-19]. Fig. 2.7 is an
explanation of the concept of robust signal
processing.

..............................

T E—— —

R RS RSP T TR W FO—— N_—.

System Gam (dB )

,,,,,,,,,,,,,,

f 1
21 08 -06 -0+ —02 W 02 04 06 08 |
Model musmatch

Fig. 2.7. Concept of robust detection. The
result is reproduced from [19]

In an ideal situation the system gain from
robust signal processing is less than that
of optimum signal processing. But robust
signal processing is not sensitive to model
mismatch, i.e., in the case of model mismatch,
the system gain of robust signal processing is
larger than that of optimum signal processing,
which is what we can expect most frequently.

The following explanation is come from [19]

Suppose H is a possible sonar design space,
the element of this spaceisthe possible signal
processing method. Q is a set of consisting
of various models. Define a metric function
M(h,q),he H,qeQ,Whichis used to measure
the system performance using model g and
signal processing method h.

12
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The traditional sonar design is for fixed g, € O.
Find &, € H such that

M(hO’qO):rileal‘{XM(}th) (2'21)
That means h,[JH is the optimum signal
processing method for model ¢,€0.

If the real ocean environment model 9
is varying, it can be changed in a subset P
of Q, i.e., the element of model pcPeQ
. In this situation, how to choose the signal
processing method? A reasonable strategy
is to use the maximum-minimum method in
game theory. That means forany he H find q,
which minimizes M(h,q). An then find h, which
maximizes the value of I‘IlifI)lM(h,q), ie.
qe

max min M (h,q)

heH gqeP

(2.22)

The robust signal processing method, %, is
the signal processing method which satisfies
the following equation

min M(#y,q) = max min M(#,q) (2.23)
2.4 Properties of Matched Field Processing
The properties of matched field processing

are described detail in [2]. Fig. 2.8 illustrate
those properties.

Matched Field

Processing

_—

Popular Processors Pitfalls

Applications

s Linear * Computational * Source

Processors dangers

* MVDR

® DMatched Mode

*  Maximum .
Entropy .

* Etc,

Localization
&  DMismatch .

&  Noise

Environmental
Parameters
Array geometry
Model
evaluations

Fig.2.8.PropertiesofMatchedField Processing

Among them [20-25], the popular processors
are linear, MVDR, matched mode, maximum
entropy, etc., The linear processor is
considered as the base for the comparison to
other processors.

When the expert involves into the matched
field processing, one have to cope with
the computational danger such as matrix
inversion or sampling of the cross spectral
matrixcoming frommeasured data. The model
mismatched is always the case happening in
realityandit affected the system performance
in vary large scale.

The noise in reality is considered as color
and broadband noise but is not uniform,

homogeneous and isotropic as normal
assumption.
In term of the application, MFP is the

most effective way to underwater source
localization. The other application are
determine the environmental parameters
such as sound speed profile and water,
sediment densities, etc,

Since it is inverse problem so we can exploit
the method as a tool for model evaluations
which including ray, normal mode and
parabolic approximation model.

Bibliography

1. A, Tolstoy, Application of matched field
processing to inverse problems in underwater

acoustics. IOP science, 16(6),p.1655-1666,
2000, DOI: https:// doi.org/10.1088/0266-
5611/16/6/304

2. A. Tolstoy, Matched Field Processing for
Underwater Acoustics, World Scientific, 1993

3. A. Tolstoy, W. AU, The matched field
processing of binaural dolphin-like signals
for the detection and identification of buried
targets, Journal. Com. Acoustics, Vol.11, No.4,
pp. 521-534, 2003.

4. A. Tolstoy, Waveguide monitoring (such as
sewer pipes or ocean zones) via matched field
processing, J.Acoust.Soc.Am, 128(1), 2010

5. A. Tolstoy, Matched field processing (MFP)-
Based inversion method (SUB-RIGS) for
Range-Dependent Scenarios, IEEE Journal.
Oceanic. Engineering, Vol.29, No.1, pp. 59-77,
2004

13



AKUSTIKA, VOLUME 44 / November 2022

www.akustikad.com

6. A. Tolstoy, Sensitivity of matched field
processing to sound speed profile mismatch
for vertical arrays in a deep water Pacific
environment, J. Acoust. Soc. Am 85(6),
pp.2394-2404, 1989

/7. A. B. Baggeroer, W. A. Kuperman. P. N.
Mikhalevskey, An overview of matched field
methods in ocean acoustics. IEEE J. Ocean
Engineering, 18 (4), p. 401-424, 1993

8. A. B. Baggerorer, W. A. Kuperman, H.
Schmidt, Matched field processing: Source
localization in correlated noise as an optimum
parameter estimation problem. J. Acoustic.
Soc. Am. 83(2), p. 571-587, 1988

9. W. A. Strauss, Partial differential equations
an introduction, John Wiley and Sons, Inc,
1992

10. R. J. Urick, Principle of underwater sound,
McGraw-Hill Book Company, 1983

1. X. Lurton, An introduction to underwater
acoustics: principles and applications, Praxis
Publishing Ltd, UK, 2002

12. J. B. Kuperman et al, Computational Ocean
Acoustics, Springer, 2011

13. F. D. Tappert, "The parabolic approximation
method”, Wave propagation in underwater
acoustics, pp.224-287, Springer, New York,
1977.

14. D. Lee, "The state of the art parabolic
equation approximation as applied to
underwater acoustic propagation  with
discussion on intensive computations”, J.
Acoutic. Soc. Am, 76, 1984.

15. Pham Van Thuc, Ocean Sound and Sound
Field in South East Asia Sea, National and
Science Technology Express, 2011.

16. T. C. Quyen, Normal mode vs Parabolic
equation and their application in Tonkin gulf,
Journal of Science and Technology, Vol.53,
pp.3-9, 2019, ISSN: 1859-3585

17. S. Stergiopoulos, Advanced
processing handbook, CRC Press,

signal
2018

18. M. A. Ainslie,
performance modeling,

Principles of SONAR
Springer, 2010

19. Q. Li, Digital Sonar design in underwater
acoustics:  principles and applications,
Springer, London, New York, 2012

20.R.Klemm, Interrelations between matched
field processing and airbone MTI radar, IEEE
Journal. Oceanic. Engineering, Vol.18, No.3,
pp. 168-180, 1993

21. R. Klemm, Range and depth estimation by
line arrays in shallow water, Signal Processing
3,333-344,1981

22.H.P.Bucker, Use of calculated sound fields
and matched field detection to locate sound
sources in shallow water, J. Acoust. Soc. Am,
59(2), pp.368-373, 1976

23. M. Porter and A. Tolstoy, The matched field
processing benchmark problems, Journal.
Com. Acoust, 2(3), 161-185, 1994

24. J. M. Ozard, Matched field processing in
shallow water for range, depth, and bearing
determination: Results of experiment and
simulation, J. Acoust. Soc. Am. 86(2), 744-753,
1989

25. K. L. Gemba, W. S. Hodgkiss, and P.
Gerstoft, Adaptive and compressive matched
field processing, J. Acoust. Soc. Am. 141, 92-
103, 2017

14



AKUSTIKA, VOLUME 44 / November 2022

www.akustikad.com

CHAPTER 3. RIEMANNIAN
MATCHED FIELD PROCESSING

Let us introduce the class of Matched Field
Processing, namely Riemannian Matched
Field Processing (RMFP), by considering the
Riemannian distance instead of Euclidean
distance. It is the purpose of this chapter
and of this monograph. Therefore, not only
the nature of curvature of sound wave in
Chapter 1 but also the nature of Matched Field
Processing in Chapter 2 are exploited in RMFP.
Two approaches of RMFP construction, i.e.,
iso-metric mappings and direct Riemannian
distance calculation are introduced.

3.1 RMFP based on iso-metric mapping

The fact that Cross Spectral Density Matrices
(CSDMs) which are not randomly but Hermite
and positive definite, form a manifold that
each CSDM is a point on it.

Considering a manifold M which consists
of CSDM (Cross-spectral density matrix)
matrices and is equipped with inner product
g, onthetangentspaceT, (m). Giventheinner
product g_on T, (m), each point m that varies
smoothly from point to point in the sense that
if xand y are differentiable vector fields on m,
then m—g, (X|,.Y|,)is a smooth function.

Suppose that we have two points m, and m,
on m. Parameterization of smooth curved path
[1-3] on M connecting m,and m, is a smooth
function y:0+ M in which 8 Rand 6 is an
open interval with their limits 8, <6<6,. In
general, the length of the path between the
two points is calculated as

I(m) = f g, (m,m)do

6,

°, _dm
where " T 49, and g,(m,m) is an inner
product in the tangent space, T,,(m), at m on

(3.1)

M.The Riemannian distance between the two
points (Fig. 3.1) is defined as the length of the
geode sic, i.e.,

ohmm)= i O
P (o, )
' P,(®
; P.(,) W0 )
Plw, ) o 6.0, )_-"‘
M P-(w') ! -(w-)
A path between
two PSDs at same
frequency
Fig. 3.1 Riemannian distance between

CSDM matrices of two signals. The result is
reproduced from [1]

Theorem 1: The condition of existing the
iso-metric mapping

Letthemapping f:E — M where e E,me M,
M is CSDM matrix manifold and E is subspace
of Euclidean space.

If the Riemannian metric on M is given by

g, <a,b>:<a,c> (3.3)

Where a,beT,(m) and ¢ is matrix which is
satisfied some rules in order to the necessary
and sufficient that (a,b)=(a,c)=g, then
T,,(m)and T;(m) are isometric.

=R

X 'u,v)

Fig. 3.2 An example of iso-metric mapping

An example of iso-metric mapping is shown
in Fig. 3.2. It is the mapping from the tangent
space of a torus into the a tangent space of
unit sphere. In general, the torus could be
replaced by any kind of Riemannian manifold.
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The length of a geodesic connecting 7,and
myin M has the same length of geodesic
connecting m,and m, in g as a result of the
iso-metric mapping.

Therefore, we can derive the Riemannian
distance by Euclidean distance as follows

dy(m,,m,) = d(m,,m,) (3.4)

The RMFP classifications[4-6]based ondifferent
iso-metric mappingsasin Fig. 3.3 asfollows

’ Received signals from Hydrophones | [ Guen funion from Acoustic Model |

Modeled Field Replicas |

! |

| Riemannian distances |

(o] [] [&] []

Fig. 3.3 Classification of RMFP based on
different iso-metric mappings

There are 4 kinds of iso-metric mappings
corresponding to 4 kinds of Riemannian
Matched Field Processing as follows [2,4]

(rs,z5), = arg;:mn \/tr(Rps )+ tr(R;,) —2tr(R, R;J)

(3.5)

(r-,2:), = argmin \/tr(Rps )+tr(R)-2tr(R, ""R."”)

(3.6)

(;s,gs)dz =argmin > In’A,
p 3

. . -1
where 4, is eigenvalues of R R

(3.7)

(rs,2),  =argmin \/tr[(sians )’]+tr{(sinR. )’ ] - 2tr[sin(R, )sin(R.)]
(3.8)

Where r is the estimated range of the source,
z,1S the estimated depth of the source,

—(r z, is true source coordinate, R, is
CSDM 'of collected data and R, is CSDM of
modeled field replicas.

3.2. 3.2RMFPbasedondirect Riemannian
distancecalculation

The fact that stochastic Matched Field
Processing (SMTP) are derived on the basis
of Riemannian distance (RDs) which were
calculated using isometric mappings (IMs)
[2,4].

Ifan IM does not exist, we must solve geodesic
equations directly to find the geodesic
distance.

The classification of RMFP based on directed
Riemannian distance [5-6] is depicted in
Fig.3.4 as follows

Directed Riemannian

Matched Field

Cylindrical spreading
of underwater sound

Spherical spreading of
underwater sound wave

Fig. 3.4 Classification of RMFP based on
directed Riemannian distances

There are two kinds of Direted RMFP i.e., on the
basis of spherical spreading and of cylindrical
spreading of underwater sound wave.

After solving the geodesic equations directly
with assumption of spherical and cylindrical
spreading, we found that the geodesic
distance in the fashion of great circle (Fig. 3.5)
for spherical spreading and in the fashion of
helix (Fig. 3.6) for cylindrical spreading.

For detail of geodesic distance calculation,
we referred the reader to the references [5-6].

Spherical Spreading [5]
First step:

The Riemannian matched field processor
based on Riemannian geometry is received
by obtaining the space coordinates of data
replicas which are scanning over all modeled

16



AKUSTIKA, VOLUME 44 / November 2022

www.akustikad.com

field replicas position p = (r,,Z,) with a subject
constraint of minimization of Riemannian
distance as follows

(r,z)=arg ffnm \/tr(RpS )+ tr(R,S) -2t(R, Rf,)

(3.9)
Second step:

Now, on the basis of the outcome of directed
Riemannian distance, we found that the
geodesic distance of Spherical spreading is
preferred to Great circle distance. This mean
that

dmin = mln(dl > dGreat Circle)

d = |r(R, )+r(R,)-2tr(R R, )
P Cop

d. . = R\/( £(60)= f(0)) +(cos 6 —cos §)
f(6) =sin @.sin[cos ™' (cot g6)]
(rs > Zs ) = arg m/\in(dl > dGreat Cir‘cle)

P

(3.10)

where
R =radius of sphere

0 = parameterization of modeled data

A
0 = parameterization of measurement data

% = cos(u) sin(v). y = sin(u) sin(v). z = cos(v)

05

N 0 '
ma<:=
05 |

"n\ "'-. :

1 i .
05\‘-\\ _,.,f"', 1

0 ' e 05

.05-‘“\ " o

Fig. 3.5 The great circle (red line) between two
fix points (m,,m,) on the surface of the 3D
sphere.

Cylindrical Spreading [6]
First step:

The Riemannian matched field processor
based on Riemannian geometry is received
by obtaining the space coordinates of data
replicas which are scanning over all modeled
field replicas position p =(r,z) with a subject
constraint of minimization of Riemannian
distance as follows

(r,z)= arggmn \/tr(Rps )+r(R,)-2t(R, R.)

(3.9)
Second step:

Now, on the basis of the outcome of directed
Riemannian distance, we found that the
geodesic distance of Cylindrical spreading is
preferred to Helix distance. This mean that

dmin = min(dl H dHelix)
d, = [ir(R, )+ir(R, )-2r(R, R, )
Py Py

Ao = \/ (Dcos(1)— DCOS(;))2 +(ht—h ;)2
(311

(rS ] ZS) = arg mjn(dl H dHelix)
P
where
D = outer radius of Helix
h = pitch length
t = parameterization of modeled data

A

t = parameterization of measurement data

x=sin(upy=cos(u)z=v

Fig.3.6 The helix (red line) on the
the 3D cylinder.

surface of
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CHAPTER 4. PERFORMANCE OF
RIEMANNIAN MATCHED FIELD
PROCESSING

In Chapter 2 the Matched Field Processing
was treated as a robust signal processing.
In Chapter 3 the Riemannian Matched
Field Processing was considered in view of
Riemannian Geometry. In this Chapter the
Riemannian Matched Field Processing are
continuedbutareextendedtoits performance.
Following a section of input acoustic data, the
performance of conventional Matched Field
Processing is introduced. This is followed
by a discussion of the performance of
Riemannian Matched Field Processing using
vertical hydrophone array as well as circular
hydrophone array and cylindrical hydrophone
array.
4.1. Input Acoustic Data
PassivearraydataSONARfromSACLANTC1993
North Elba experiment available in Internet
was used for processing [1].The vertical
underwater acoustic array data was collected
in shallow-water off the Italia west coast by
the NATO SACLANTC Center in La Spezia,
Italy. The original SACLANTC time series has
been converted to a series of MATLAB .mat
files each of which contains a matrix “dat”
that is 48 sensors by 64K data points long.
Each file represents about 1 minute of data.
The vertical array consists of 48 hydrophones
with spacing 2 m between elements at total
aperture length 94 m (18.7 m to 112.7 m in
depth). The source emitted PRN signal with
center frequency of 170 Hz.

The Sound Speed Profile (SSP) from [1] is
described in Fig. 4.1 as follows.

Scdiment and subbolom

L a
'1°'m 10 'S0 M W D YED W0 W X0 W0
Cord Topeed (wh)

Fig. 4.1 SSP of SACLANTC 1993 North Elba

Performance of Conventional
Matched Field Processing

4.2.

Fig. 4.2 is obtained from conventional MFP in
which only one modeled field and one replica
of SONAR array data were used. It should be
noted that the data is from SACLANTC and
SNR levelis -3 dB and the number of snapshot
is greater than 20 samples It can be seen that
the true source can be detected at depth of
60 m and range of 6000 m.

025

o
L

Normalized Power

7500
T000

6500
6000

Range(m)

Depth(m) o

0 5000
Fig. 4.2 a): Ambiguity surface of conventional
matched field processing (one modeled
field and one data replica, SNR=-3dB, No of
snapshot>20 samples in 3 dimensions. The
result is reproduced from [6].
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Fig. 4.2 b): Ambiguity surface of conventional
matched field processing (one modeled field
and one data replica, SNR=-3dB, No of
snapshot>20 samples in 2 dimensions. The
resultis reproduced from [6].
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4.3. Performance of Riemannian Matched

Field Processing
4. 3.1. Vertical Hydrophone Array (VHA)

The simplest possible example of a
hydrophone arrayisvertical hydrophone array.
The geometry of a vertical hydrophone array
with 8 iso-tropic elements and its directivity
are depicted as in Fig 4.3 as follows

3D Directivity Pattern
250 Hz No Steering

Az90
El(} El0

| ® Geometry and Amay Facter of Vertical Hy Array with 8 slemants |

-40

Fig. 4.3 The geometry of avertical hydrophone
array with 8 iso-tropic elements and its array
factors

Each simulation uses 10 replicas of SONAR
array data which provided by SACLANC
and SNR level of 10 dB and the number of
snapshot is greater than 30 samples. Twenty
modeled field replicas are obtained from
variable sound speeds that changed to depth
according to SSP as depicted in Fig. 4.1 (In
reality modeled field replicas could be caused
from other factor such as internal-wave,
bottom parameter mismatch and others).

From Fig. 4.4 it can be seen that the true
source can be detected at depth of 60 m
and range of 6000 m if 20 modeled field
replicas and 10 data replicas were used for
the proposed Riemannian matched field
processor. In Fig. 4.5 the performance of
the proposed Riemannian matched field
processor used only 6 modeled field replicas
shows that beside the true source location
there are a number of spurious peak locations
which are corresponding to ocean variability
or mismatch conditions. Since the true source
location is higher than other spurious peak
locations, one can find it. However, we could
not detect the source in the case in Fig. 4.6
when only 3 modeled field replicas were used
and all peak location are almost equally. It
is always the case of MFP when the number
of modeled field replicas could not provide
enough fluctuation of ocean environment.
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Fig. 4.4 : Riemannian ambiguity surface for
20 modeledfieldreplicasand 10 datareplicas,
SNR=10dB, No of snapshot> 30 samples. The
result is reproduced from [5]
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Fig. 4.5: Riemannian ambiguity surface for
6 modeled replicas and 10 data replicas,
SNR=10 dB, No of snapshot>30 samples. The
result is reproduced from [5].
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Fig. 4.6: Riemannian ambiguity surface for
3 modeled replicas and 10 data replicas,
SNR=10dB, No of snapshot>30 samples. The
result is reproduced from [5].

4. 3. 2.Circular Hydrophone Array

The array factor of Circular Hydrophone Array
of 32 elements is iso-tropic, symmetrical is
depicted in Cartesian coordinate in Fig. 4.7 as
follows.

factor of ciroulsr

32 dements

Fig.4.7 The array factorof CircularHydrophone
Array of 32 elements.

21



AKUSTIKA, VOLUME 44 / November 2022
www.akustikad.com

4. 3. 3.Cylindrical Hydrophone Array (CHA)

The geometry of a cylindrical hydrophone
array of MxN elements is shown in Cartesian
coordinate in Fig. 4.8 as follows

td

Fig. 4.8. The geometry of cylindrical
hydrophone array of MxN elements (each ring
has M elements)

When combining 10 rings in Z-axis with each
ring spaced by A/2 (half of wave length) we
obtain the cylindrical hydrophone array of
32x10 elements. The array factor of the array
is simulated and depicted in Cartesian
coordinate as in Fig. 4.9 as follows.

factor of phaned 2x10 clements

y $0 50 X

Fig. 4.9 The array factor of cylindrical
hydrophone array of 32x10 elements. The
result is reproduced from [7]

The range and the depth of the source is
estimated with the same results which is
obtained using the vertical hydrophone array
as in Part 4.3.1.

In addition, the bearing accuracy of circular
array is the same form of linear array [7]. So if
we use a CHA of 32x10 elements, the bearing

accuracyupto ¢  ~A@,,/80=9/80=0.1"

£ o :
$ ! :
E L e B S R et
c : | .
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d beccnclafocdhcacco o cacaa
by 1 (r=1.0m |
} L)
i B S TR deoens e
L}
G ! :
5 ] |

0

E 2 ] 6 ] 10

Accuracy of time delay estimation(ps)

Fig. 410 Bearing accuracy of circle
hydrophone array (N=64 elements). The result
is reproduced from [7].

4.4. Conclusion

In term of robust signal processing the
criteria performance of RMFP is not mean
square error of the true source location
but the system gain of the robust signal
processing. By discussion the capability of
RMFP in this chapter we may conclude that
it can be adaptively to the mismatch cases
more than the conventional MFP. Obviously,
with their strong foundation both of MFP and
Riemannian Geometry, we believed RMFP will
be the future of MFP in the context of lack of
acoustic data (It means that we not consider
the case of having big acoustic data or
exploiting Al applications).
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