
In
te

rn
a
tio

n
a
l 

C
o

u
n

cil 
fo

r 
th

e
 

E
x

p
lo

ra
tio

n
 o

f 
th

e
 

S
ea 

SIM
U

LA
TIN

G
 

ECH
O

G
RA

M
S 

b
y

 

K
en

n
eth

 
G

. 
F

o
o

te 

In
s
titu

te
 
o

f M
arin

e 
R

esearch
 

5024 
B

erg
en

, 
N

orw
ay 

A
B

STR
A

C
T 

C
.M

. 
1

9
8

9
/B

:6
 

S
e
ss. 

0 
F

ish
 C

ap
tu

re C
o

m
m

ittee 

S
im

u
la

tio
n

 
o

f 
ech

o
 
d

a
ta

 
can

 b
e 

u
se

fu
l 

fo
r 

v
e
rify

in
g

 
ech

o
 
in

te
g

ra
to

rs 
re

a
liz

e
d

 
in

 co
m

p
u

ter 
so

ftw
a
re

. 
A

 m
o

d
el 

is
 p

re
se

n
te

d
 w

h
ich

 
a
sso

c
ia

te
s 

d
is

tin
c
t 

sto
c
h

a
stic

 p
ro

c
e
sse

s 
w

ith
 e

a
c
h

 o
f 

th
e
 

fo
llo

w
in

g
: 

b
o

tto
m

 d
e
p

th
; 

n
u

m
b

er, 
d

e
p

th
, 

an
d

 
o

rie
n

ta
tio

n
 o

f 
fis

h
 
in

 th
e
 

beam
; 

an
d

 b
ack

g
ro

u
n

d
 n

o
ise

. 
A

 m
easu

re 
o

f 
re

a
lism

 
is

 p
re

se
rv

e
d

, 
p

e
rh

a
p

s, 
b

y
 

(1) 
sim

u
la

tin
g

 ech
o

 
re

g
is

tra
tio

n
 
w

ith
 

an
 
id

e
a
l 

c
irc

u
la

r 
tra

n
sd

u
c
e
r o

f 
8

-d
e
g

 b
eam

w
id

th
, 

m
oving 

fo
rw

ard
 
a
t 

1
0

-k
n

o
ts 

sp
eed

; 
(2) 

a
llo

w
in

g
 
in

d
iv

id
u

a
l 

fis
h

 
to

 
b

e 
tra

c
k

e
d

 
th

ro
u

g
h

 
th

e
 beam

; 
an

d
 

(3) 
u

sin
g

 m
easu

rem
en

ts 
o

n
 
fis

h
 
to

 d
e
sc

rib
e
 

th
e
 
ta

rg
e
t 

stre
n

g
th

. 
A

tte
n

d
e
e
s 

m
ay 

fo
rm

 
th

e
ir 

ow
n 

o
p

in
io

n
 o

f 
th

e
 

su
c
c
e
ss o

f 
th

e
 

sim
u

la
tio

n
 

fro
m

 
ex

am
p

les 
to

 b
e 

show
n 

-
in

 c
o

lo
u

r. 

R
ESU

M
E: 

SIM
U

LA
TIO

N
 

D
'ECH

O
G

RA
M

M
ES 

L
a 

sim
u

la
tio

n
 
d

'e
c
h

o
s p

e
u

t e
tre

 u
tile

 p
o

u
r v

e
rifie

r 
le

s
 
in

te
g

ra
te

u
rs 

d
'e

c
h

o
s 

re
a
lis

e
s
 

en
 

so
ftw

a
re

. 
O

n 
p

re
se

n
te

 un 
m

o
d

ele 
q

u
i 

a
sso

c
ie

 
d

e
s 

p
ro

c
e
ssu

s 
sto

c
h

a
stiq

u
e
s 

d
is

tin
c
ts

 
av

ec 
le

s
 v

a
ria

b
le

s 
su

iv
a
n

te
s: 

p
ro

fo
n

d
e
u

r; 
n

u
m

ero
, 

p
ro

fo
n

d
e
u

r e
t o

rie
n

ta
tio

n
 
d

e
s p

o
isso

n
s 

d
an

s 
le

 
fa

isc
e
a
u

; 
b

ru
it d

e 
fo

n
d

. 
D

u 
re

a
lism

e
 
e
s
t p

e
u

t 
e
tre

 
c
o

n
se

rv
e
 

en
 

sim
u

la
n

t 
l'e

n
re

g
istre

m
e
n

t d
es 

ech
o

s p
a
r u

n
 
tra

n
sd

u
c
te

u
r c

irc
u

la
ire

 
id

e
e
l 

av
ec 

une 
la

rg
e
u

r 
du 

fa
isc

e
a
u

 
d

e 
8 

d
e
g

re
s, 

se
 

d
e
p

la
c
a
n

t 
en

 
a
v

a
n

t a u
n

e 
v

ite
s
s
e
 

d
e 

10 
n

o
eu

d
s; 

en
 p

e
rm

e
tta

n
t 

q
u

e 
le

s
 
p

o
isso

n
s 

so
ie

n
t d

e
te

c
te

s 
in

d
iv

id
u

e
lle

m
e
n

t 
d

an
s 

le
 

fa
isc

e
a
u

; 
en

 
u

tilis
a
n

t d
es 

m
esu

res 
su

r p
o

isso
n

 p
o

u
r 

d
e
c
rire

 
l'in

d
e
x

 d
e 

re
fle

x
io

n
. 

L
es 

p
a
rtic

ip
a
n

ts
 p

o
u

rro
n

t 
ju

g
e
r 

le
 

su
c
c
e
s 

d
'u

n
e
 
te

lle
 
sim

u
la

tio
n

 p
a
r 

le
s
 

ex
em

p
les 

q
u

i 
se

ro
n

t m
o

n
tres 

-
en

 
c
o

u
le

u
r. 

IN
TR

O
D

U
C

TIO
N

 

F
ish

 ech
o

 d
a
ta

 
h

av
e b

een
 

sim
u

la
te

d
 b

y
, 

am
ong 

o
th

e
rs, 

G
riffith

s
 

an
d

 
S

m
ith

 
(1

9
7

8
), 

B
o

ru
d

 e
t a

l. 
(1

9
8

4
), 

an
d

 G
uo 

an
d

 G
riffith

s
 

(1
9

8
9

). 
B

o
ru

d
 e

t 
a
l. 

(1984) 
g

e
n

e
ra

te
d

 d
a
ta

 fo
r 

u
se 

in
 a 

sim
u

la
to

r. 

D
u

rin
g

 d
ev

elo
p

m
en

t 
o

f 
th

e
 

new
 

B
erg

en
 E

cho 
In

te
g

ra
to

r 
(B

E
l) 

(K
nudsen 

1
9

8
9

a an
d

 b
), 

a
n

o
th

e
r 

k
in

d
 o

f 
ech

o
 
d

a
ta

 w
as 

re
q

u
ire

d
. 

B
ecau

se o
f 

th
e
 



-
2 

-

d
e
s
ig

n
 
o

f 
th

e
 

B
E

l 
a
s
 

a 
p

o
s
t-p

ro
c
e
s
s
in

g
 

sy
ste

m
 
fo

r 
d

a
ta

 
p

re
p

ro
c
e
s
s
e
d

 b
y

 
th

e
 

n
ew

 
SI!1R

A
D

 
E

K
500 

s
c
ie

n
tif

ic
 

e
c
h

o
 

so
u

n
d

e
r 

(B
o

d
h

o
lt 

e
t 

a
l. 

1
9

8
8

, 
1

9
8

9
), 

d
a
ta

 
a
re

 
e
x

p
e
c
te

d
 
in

 
th

e
 

fo
rm

 
o

f 
a
b

s
o

lu
te

 
v

a
lu

e
s
 
o

f 
th

e
 

m
ean

 
v

o
lu

m
e
 
b

a
c
k

s
c
a
tte

rin
g

 
s
tre

n
g

th
 

(U
ric

k
 

1
9

8
3

). 
In

 
p

a
rtic

u
la

r, 
fo

r 
e
a
c
h

 
p

in
g

 
fo

r 
e
a
c
h

 
tra

n
s
d

u
c
e
r, 

a
n

 
a
rra

y
 
o

f 
6

5
0

 
n

u
m

b
e
rs 

is
 
tra

n
s
fe

rre
d

 
fro

m
 
th

e
 

E
K

500 
to

 
th

e
 

B
E

l. 
T

h
e 

f
ir

s
t 

5
0

0
 
d

a
ta

 
re

p
re

s
e
n

t 
s
u

c
c
e
s
s
iv

e
 

v
a
lu

e
s
 
o

f 
th

e
 

m
ean

 
v

o
lu

m
e
 
b

a
c
k

s
c
a
tte

rin
g

 
s
tre

n
g

th
 

sp
a
n

n
in

g
 
th

e
 
o

p
e
ra

to
r-d

e
fin

e
d

 
d

e
p

th
 
in

te
rv

a
l 

in
 
e
q

u
a
l 

s
te

p
s
. 

T
h

e 
f
in

a
l 

1
5

0
 
d

a
ta

 
re

p
re

s
e
n

t 
v

a
lu

e
s
 

fro
m

 
1

0
 

m
 o

v
e
r 

th
e
 
d

e
te

c
te

d
 b

o
tto

m
 
to

 
5 

m
 

u
n

d
e
r 

th
e
 

sa
m

e
, 

w
ith

 
O

.l-m
 
re

s
o

lu
tio

n
. 

T
h

e 
p

o
te

n
tia

l 
d

y
n

.am
ic 

ra
n

g
e
 
o

f 
th

e
s
e
 
d

a
ta

 
is

 
th

a
t 

o
f 

th
e
 

E
K

5
0

0
, 

ro
u

g
h

ly
 

1
6

0
 

d
B

. 

I
t
 

w
as 

to
 
p

ro
v

id
e
 
p

re
c
is

e
ly

 
k

n
o

w
n

 
d

a
ta

 
in

 
th

e
 

re
q

u
ire

d
 

fo
rm

 
th

a
t 

th
e
 

p
re

s
e
n

t 
s
tu

d
y

 
w

as 
u

n
d

e
rta

k
e
n

. 
F

u
rth

e
r, 

a
n

tic
ip

a
te

d
 
u

s
e
s
 

o
f 

th
e
 
d

a
ta

 
c
o

u
ld

 
b

e
, 

fo
r 

in
s
ta

n
c
e
, 

in
 
s
y

s
te

m
a
tic

 
s
tu

d
ie

s
 
o

f 
e
c
h

o
 
in

te
g

ra
tio

n
 
a
n

d
 

e
c
h

o
 g

ra
m

 
in

te
rp

re
ta

tio
n

, 
a
n

d
 
in

 
te

s
tin

g
 
a
u

to
m

a
tic

 
a
lg

o
rith

m
s
 

to
 
e
x

tra
c
t 

s
in

g
le

-fis
h

 
ta

r
g

e
t 

s
tre

n
g

th
s
, 

p
e
rfo

rm
 
e
c
h

o
-tra

c
e
 
a
n

a
ly

s
is

, 
a
n

d
 
c
la

s
s
ify

 
e
c
h

o
g

ra
m

s 
o

n
 
th

e
 

b
a
s
is

 
o

f 
fe

a
tu

re
s
. 

In
 
th

e
 

fo
llo

w
in

g
, 

a 
m

o
d

el 
fo

r 
s
im

u
la

tin
g

 
e
c
h

o
 
d

a
ta

 
is

 
d

e
s
c
rib

e
d

 
a
n

d
 

illu
s
tr

a
te

d
 
th

ro
u

g
h

 
c
o

m
p

u
te

d
 
e
c
h

o
g

ra
m

s. 
Im

p
ro

v
e
m

e
n

ts 
to

 
a
n

d
 
u

s
e
s
 
o

f 
th

e
 

m
o

d
e
l 

a
re

 
d

is
c
u

s
s
e
d

. 

M
ETH

O
D

 T
h

e 
fu

n
d

a
m

e
n

ta
l 

p
h

y
s
ic

s
 
o

f 
so

u
n

d
 
s
c
a
tte

rin
g

 b
y

 
fis

h
 
d

riv
e
s
 

th
e
 
p

re
s
e
n

t 
m

o
d

e
l, 

h
e
n

c
e
 
is

 
d

e
s
c
rib

e
d

 
f
ir

s
t. 

T
h

e 
m

o
d

e
l 

is
 
th

e
n

 
o

u
tlin

e
d

, 
p

a
ra

m
e
te

r 
v

a
lu

e
s
 

a
re

 
g

iv
e
n

, 
a
n

d
 
th

e
 
g

e
n

e
ra

tio
n

 
o

f 
ran

d
o

m
 
n

u
m

b
e
rs 

u
se

d
 
in

 
a 

sim
U

la
tio

n
 

p
ro

g
ra

m
 
is

 
b

r
ie

f
ly

 
d

e
s
c
rib

e
d

. 

P
h

y
s
ic

s
 

T
h

e 
b

a
c
k

 s
c
a
tte

re
d

 p
re

s
s
u

re
 

w
a
v

e
, 

p
(
t)

, 
fro

m
 
a
n

 
e
n

se
m

b
le

 
o

f 
fis

h
 

m
ay 

b
e
 

e
x

p
re

s
s
e
d

 b
y

 
th

e
 

fo
llo

w
in

g
 

su
m

m
a
tio

n
: 

p
(t) 

-2
S

r, 
1. 

J: 
e 

4
1

. 
b

(r,) 
0,2(r"e,,~,) 

s
, (

t-
r
,/c

)
 +

 
n

(t) 
1. 

1. 
1. 

1. 
1. 

1. 
1. 

1. 
r
, 1. 

w
h

e
re

 
S 

is
 
th

e
 
c
o

e
ffic

ie
n

t o
f 

a
b

s
o

rp
tio

n
 
a
t 

th
e
 
c
e
n

te
r 

fre
q

u
e
n

c
y

 
o

f 
th

e
 

tra
n

s
m

itte
d

 
s
ig

n
a
l, 

a
ssu

m
e
d

 
to

 
b

e
 

n
a
rro

w
b

a
n

d
; 

r
, 

is
 
th

e
 
v

e
c
to

r 
p

o
s
itio

n
 
o

f 
th

e
 

i-
th

 
fis

h
, 

r
i
 
is

 
th

e
 

c
o

rre
sp

o
n

d
in

g
 

ra
n

g
e
, 

a
fid

 
r
i 

is
 

th
e
 
u

n
it 

v
e
c
to

r 
in

 
th

e
 
d

ire
c
tio

n
 
o

f 
th

e
 
fis

h
, 

E
i=

r
ir

ii 
b

i 
is

 
th

e
 
p

ro
d

u
c
t o

f 
tra

n
s
m

it 
a
n

d
 

re
c
e
iv

e
 
d

ir
e
c
tiv

ity
 
p

a
tte

rn
s
 

in
 
th

e
 

a
m

p
litu

d
e
 

d
o

m
a
in

 
in

 
th

e
 
d

ire
c
tio

n
 
r
i; 

0
i 

is
 
th

e
 
b

a
c
k

s
c
a
tte

rin
g

 
c
ro

s
s
 
s
e
c
tio

n
 
o

f 
th

e
 
i-

th
 
fis

h
, 

th
e
 

a
rg

u
m

e
n

ts 
e

i 
a
n

d
 
~
i
 

d
e
s
c
rib

e
 
th

e
 
t
i
l
t
 
a
n

d
 a

z
im

u
th

a
l 

a
n

g
le

s
, 

re
s
p

e
c
tiv

e
ly

; 
S

i 
d

e
s
c
rib

e
s
 

th
e
 

fo
rm

 
o

f 
th

e
 

e
c
h

o
 

s
ig

n
a
l 

fro
m

 
th

e
 
i-

th
 
fis

h
 
a
t 

th
e
 
re

ta
rd

e
d

 
tim

e
 
t-

r
i/c

, 
w

h
e
re

 
c 

is
 

th
e
 

sp
e
e
d

 
o

f 
so

u
n

d
 
a
n

d
 

fs2
 (t) d

t =
 1 ; 

a
n

d
 

n (t) 
is

 
th

e
 

b
a
c
k

g
ro

u
n

d
 

n
o

is
e
. 

S
in

c
e
 
th

e
 

e
c
h

o
 
d

a
ta

 
a
re

 
to

 
b

e
 
e
x

p
re

s
s
e
d

 
in

 
te

rm
s 

o
f 

th
e
 

m
ean

 
v

o
lu

m
e 

b
a
c
k

s
c
a
tte

rin
g

 
s
tre

n
g

th
, 

th
e
 

e
c
h

o
 

e
n

e
rg

y
 
is

 
c
o

m
p

u
te

d
 

fro
m

 
e
q

u
a
tio

n
 

(1
): 

2 
E: 

=
 

I: 
g

,b
, 

0
, 

+
 

E: 
1

.1
. 

1. 
0 

(1
) 

(2
) 



-
3 

-

w
h

e
re

 
g 

is
 

a 
g

a
in

 
fa

c
to

r 
c
o

n
ta

in
in

g
 b

o
th

 
p

u
re

ly
 
g

e
o

m
e
tric

 
a
n

d
 
s
c
a
lin

g
 

fa
c
to

rs
, 

b
2 

is
 
th

e
 
p

ro
d

u
c
t 

o
f 

tra
n

s
m

it 
a
n

d
 
re

c
e
iv

e
 

b
eam

 p
a
tte

rn
s
 

in
 
th

e
 

u
s
u

a
l 

in
te

n
s
ity

 
d

o
m

a
in

, 
0 

is
 
th

e
 
b

a
c
k

s
c
a
tte

rin
g

 
c
ro

s
s
 

s
e
c
tio

n
, 

e
a
c
h

 
fo

r 
th

e
 
i-

th
 
fis

h
, 

w
ith

 
s
u

p
p

re
s
s
io

n
 
o

f 
th

e
 

a
rg

u
m

e
n

ts 
sh

o
w

n
 
in

 
e
q

u
a
tio

n
 

(1
), 

a
n

d
 

E
o 

is
 

th
e
 
c
o

rre
s
p

o
n

d
in

g
 v

a
lu

e
 
o

f 
e
c
h

o
 
e
n

e
rg

y
 

d
u

e
 
to

 
n

o
is

e
. 

E
q

u
a
tio

n
 

(2
) 

c
a
n

 
a
ls

o
 
b

e
 

e
x

p
re

sse
d

 
in

 
te

rm
s 

o
f 

th
e
 

m
ean

 
v

o
lu

m
e 

b
a
c
k

 s
c
a
tte

rin
g

 
c
o

e
f
f
ic

ie
n

t 
s
v

' 
F

o
r 

a 
tra

n
s
d

u
c
e
r 

w
ith

 p
ro

d
u

c
t 

b
eam

 p
a
tte

rn
s
 

b
2 

a
n

d
 
e
q

u
iv

a
le

n
t 

b
eam

 
a
n

g
le

 ~=Jb2dr:, 
th

e
 

m
ean

 
v

o
lu

m
e
 

b
a
c
k

 s
c
a
tte

rin
g

 
c
o

e
ffic

ie
n

t 
d

u
e
 

to
 

th
e
 
s
c
a
tte

re
rs

 
in

 
a 

s
p

h
e
ric

a
l 

s
h

e
ll 

o
f 

ra
d

iu
s
 
r
a
n

d
 

th
ic

k
n

e
s
s
 
~
r
«
r
 
is

 

s v 

2 
1 

b
, 

0
, 

" 
J 

J 
L. 

+
 

S 

~ 
j 

47Tr2~r 
V

o 

w
h

e
re

 
th

e
 

su
m

m
a
tio

n
 
is

 
p

e
rfo

rm
e
d

 
o

v
e
r 

a
ll 

s
c
a
tte

r
e
r
s
 

in
 
th

e
 

s
h

e
ll. 

In
 

e
x

a
c
t 

a
n

a
lo

g
y

 
w

ith
 

e
q

u
a
tio

n
 

(2
), 

s 
is

 
th

e
 
n

o
is

e
 
c
o

n
trib

u
tio

n
. 

V
o 

M
o

d
el 

(3
) 

E
q

u
a
tio

n
 

(2
), 

o
r 

e
q

u
a
tio

n
 

(3
), 

u
n

d
e
rlie

s
 
th

e
 

m
o

d
e
l. 

T
h

is 
h

a
s
, 

h
o

w
e
v

e
r, 

m
o

re 
e
le

m
e
n

ts 
th

a
n

 
m

ay
 

b
e
 

im
m

e
d

ia
te

ly
 a

p
p

a
re

n
t. 

T
h

e
se

 
a
re

 
now

 
d

e
s
c
rib

e
d

 
in

 
th

e
ir

 
o

rd
e
r 

o
f 

c
o

m
p

u
ta

tio
n

 
in

 
s
im

u
la

tin
g

 
a 

m
a
trix

 
o

f 
v

a
lu

e
s
 
o

f 
m

ean
 

v
o

lu
m

e 
b

a
c
k

 s
c
a
tte

rin
g

 
s
tre

n
g

th
, 

th
e
 

lo
g

a
rith

m
ic

 
m

e
a
su

re
 

o
f 

th
e
 

d
e
fin

e
d

 
c
o

e
ffic

ie
n

t 
sV

' 
T

h
is

 
h

a
s
 

6
5

0
 

ro
w

s 
re

p
re

s
e
n

tin
g

 
d

e
p

th
 
a
n

d
 
a
s 

m
an

y
 

c
o

lu
m

n
s 

a
s
 
a
re

 
n

e
c
e
s
s
a
ry

 
to

 
c
o

v
e
r 

a 
p

re
d

e
fin

e
d

 
s
a
ile

d
 
d

is
ta

n
c
e
. 

T
h

e 
v

e
rtic

a
l 

re
s
o

lu
tio

n
 
is

 
a
ssu

m
e
d

, 
fo

r 
d

e
fin

ite
n

e
s
s
, 

to
 
b

e
 

1 
rn, 

th
u

s
 

th
e
 
f
ir

s
t 

5
0

0
 

ro
w

s 
o

f 
th

e
 

m
a
trix

 
sp

a
n

 
a. 

d
e
p

th
 

ra
n

g
e
 
o

f 
5

0
0

 
m

. 

N
o

ise
 

A
t 

th
e
 
o

u
ts

e
t, 

th
e
 
m

a
trix

 
is

 
f
ille

d
, 

o
r 

'in
itia

liz
e
d

' 
in

 
c
o

m
p

u
te

r 
c
a
n

t, 
b

y
 
e
ith

e
r
 

a 
p

re
d

e
fin

e
d

 c
o

n
s
ta

n
t 

th
re

s
h

o
ld

 
v

a
lu

e
 
o

r 
n

o
is

e
 

v
a
lu

e
, 

w
h

ic
h

e
v

e
r 

is
 
g

re
a
te

r. 
T

h
e 

n
o

ise
 

v
a
lu

e
 
is

 
c
o

m
p

u
te

d
 
a
t 

e
a
c
h

 
p

o
in

t 
a
c
c
o

rd
in

g
 
to

 
th

e
 

su
m

m
a
tio

n
 

1
0

 
sv

 
s
v

:
 z: 

c
o

s (27T
U

,) 12 
o 

n 
j=

l 
J 

w
h

e
re

 
u

, 
is

 
a 

u
n

ifo
rm

 
ran

d
o

m
 
v

a
ria

te
 
d

e
fin

e
d

 
o

n
 

(0
,1

). 
J 

S
u

rfa
c
e
 

T
h

is 
is

 
a
ssu

m
e
d

 
to

 
b

e
 
h

o
riz

o
n

ta
l. 

A
 
E

u
c
lid

e
a
n

 
c
o

o
rd

in
a
te

 
sy

ste
m

 
is

 
e
s
ta

b
lis

h
e
d

 w
ith

 
o

rig
in

 
in

 
th

e
 
h

o
riz

o
n

ta
l, 

x
~
y
 
p

la
n

e
, 

w
ith

 
z
-a

x
is

 
p

o
in

tin
g

 
d

o
w

n
w

a
rd

s. 
T

h
e 

p
la

n
e
 
is

 
th

u
s 

d
e
s
c
rib

e
d

 b
y

 
th

e
 
e
q

u
a
tio

n
 

z=
O

. 
T

h
e 

x
-a

x
is

 
is

 
a
lig

n
e
d

 
in

 
th

e
 
d

ire
c
tio

n
 
o
~
 

m
o

tio
n

 
o

f 
th

e
 

tra
n

s
d

u
c
e
r, 

w
h

ich
 
is

 
a
ssu

m
e
d

 
to

 
m

o
v

e 
w

ith
 
c
o

n
s
ta

n
t 

v
e
lo

c
ity

. 

B
o

tto
m

 
T

h
e 

b
o

tto
m

 
d

e
p

th
 
is

 
g

e
n

e
ra

lly
 
d

e
s
c
rib

e
d

 
a
s
 

a 
s
to

c
h

a
s
tic

 
p

ro
c
e
s
s
 
d

e
fin

e
d

 b
y

 
tw

o
 

in
d

e
p

e
n

d
e
n

t 
G

a
u

ssia
n

 
d

is
tr

ib
u

tio
n

s
, 

w
ith

 
p

re
d

e
fin

e
d

 
h

o
riz

o
n

ta
l 

a
n

d
 
v

e
r
tic

a
l 

s
c
a
le

 
s
iz

e
s
. 

T
h

e 
h

o
riz

o
n

ta
l, 

x
-s

c
a
le

 
s
iz

e
 
is

 
d

e
s
c
rib

e
d

 b
y

 
th

e
 

m
ean

 
a
n

d
 
s
ta

n
d

a
rd

 d
e
v

ia
tio

n
 
o

f 
th

e
 

c
o

rre
sp

o
n

d
in

g
 

n
u

m
b

er 
o

f 
p

in
g

s
. 

T
h

e 
v

e
r
tic

a
l, 

z
-s

c
a
le

 
s
iz

e
 
is

 
s
im

ila
rly

 
d

e
s
c
rib

e
d

 b
y

 
a 

m
ean

 
a
n

d
 

s
ta

n
d

a
rd

 
d

e
v

ia
tio

n
, 

b
u

t 
in

 
a
b

s
o

lu
te

 
u

n
its

 
o

f 
d

is
ta

n
c
e
. 

B
e
tw

e
e
n

 
tw

o
 

s
u

c
c
e
s
s
iv

e
 
d

is
ta

n
c
e
s
 X

l 
a
n

d
 

x
2

' 
d

e
te

rm
in

e
d

 b
y

 
th

e
 
f
ir

s
t 

d
is

trib
u

tio
n

, 
a 



-
4 

-

m
ean

 
g

ra
d

ie
n

t 
~
=
(
z
2
-
z
1
)
/
(
x
2
-
x
l
)
 

is
 

c
o

m
p

u
te

d
. 

T
h

e 
p

re
c
is

e
 

d
e
p

th
 
a
t 

d
is

ta
n

c
e
 
X

j' 
w

h
e
re

 
X
l
~
X
j
-
l
<
X
j
~
X
2
'
 

is
 
d

e
te

rm
in

e
d

 b
y

 
th

e
 
p

re
s
c
rip

tio
n

 

ZJ' 
=

 
z
. 

1 
+

 
p
.
~
 

J
-

J 

w
h

e
re

, 
so

m
ew

h
at 

a
r
b

itr
a
r
ily

, 
p

. 
is

 
a 

s
to

c
h

a
s
tic

 
v

a
ria

b
le

 
e
q

u
a
l 

to
 
u

n
ity

 
80%

 
o

f 
th

e
 

tim
e
 

a
n

d
 n

e
g

a
tiv

e
 
u

n
ity

J2
0

%
 

o
f 

th
e
 

tim
e
, 

d
e
te

rm
in

e
d

 
p

in
g

 
b

y
 
p

in
g

 
fro

m
 

a 
u

n
ifo

rm
 d

is
trib

u
tio

n
. 

T
h

e 
b

o
tto

m
 
is

 
in

d
ic

a
te

d
 

b
y

 
a
d

d
in

g
 
th

e
 
q

u
a
n

tity
 

5
/1

2
 

to
 
th

e
 
p

a
ir 

o
f 

m
a
trix

 
e
le

m
e
n

ts 
a
t 

o
r 

im
m

e
d

ia
te

ly
 
b

e
lo

w
 
th

e
 
b

o
tto

m
 d

e
p

th
. 

B
o

tto
m

 fis
h

 
la

y
e
r 

lim
its

 
T

h
e 

u
p

p
e
r 

lim
it 

fo
r 

th
e
 

e
n

try
 
o

f 
n

ew
 
fis

h
 

in
to

 
th

e
 

b
eam

 
fo

llo
w

s 
th

e
 
b

o
tto

m
, 

d
iffe

rin
g

 
in

 
d

e
p

th
 
b

y
 

so
m

e 
c
o

n
s
ta

n
t 

o
ffs

e
t, 

a 
p

re
d

e
fin

e
d

 
d

e
p

th
-d

iffe
re

n
c
e
 
p

a
ra

m
e
te

r. 
T

h
e 

lo
w

e
r 

lim
it 

is
 
th

a
t 

o
f 

th
e
 

b
o

tto
m

 
its

e
lf

. 

B
o

tto
m

 
fis

h
 

la
y

e
r 

T
h

is 
p

a
r
t 

o
f 

th
e
 
m

a
trix

 
o

f 
m

ean
 

v
o

lu
m

e
 

b
a
c
k

 s
c
a
tte

rin
g

 
s
tre

n
g

th
s
 
is

 
f
ille

d
 
in

 
th

e
 

fo
llo

w
in

g
 

w
ay

. 
F

o
r 

e
a
c
h

 
p

in
g

, 
th

e
 

n
u

m
b

e
r 

o
f 

n
ew

 
fis

h
 

e
n

te
rin

g
 
th

e
 

b
eam

 
is

 
d

e
te

rm
in

e
d

 b
y

 
sa

m
p

lin
g

 
a 

P
o

isso
n

 
d

is
trib

u
tio

n
 
o

f 
p

re
d

e
fin

e
d

 
m

ean
 
s
p

e
c
ifie

d
 
fo

r 
th

e
 

b
o

tto
m

 
fis

h
. 

T
h

e 
d

e
p

th
 
o

f 
e
a
c
h

 
o

f 
th

e
s
e
 

is
 

d
e
te

rm
in

e
d

 
a
c
c
o

rd
in

g
 
to

 
a 

p
a
ra

b
o

lic
 
d

is
trib

u
tio

n
, 

i.e
., 

o
n

e
 

w
h

ic
h

 
is

 
b

a
s
e
d

 o
n

 
a 

c
o

n
s
ta

n
t 

v
o

lu
m

e 
d

e
n

s
ity

 
o

f 
s
c
a
tte

re
rs

. 
T

h
e 

p
e
rm

is
s
ib

le
 
d

e
p

th
 

ra
n

g
e
 
is

 
th

a
t 

d
e
fin

e
d

 b
y

 
th

e
 

b
o

tto
m

 
fis

h
 

la
y

e
r 

lim
its

 
fo

r 
th

e
 
p

a
rtic

u
la

r 
p

in
g

. 
T

h
e 

x
-c

o
o

rd
in

a
te

 
o

f 
e
a
c
h

 
n

ew
 
fis

h
 
p

o
s
itio

n
 
is

 
d

e
te

rm
in

e
d

 
to

 
w

ith
in

 
th

e
 

d
is

ta
n

c
e
 
s
a
ile

d
 b

y
 
th

e
 

tra
n

s
d

u
c
e
r-b

e
a
rin

g
 
v

e
s
s
e
l 

b
e
tw

e
e
n

 
s
u

c
c
e
s
s
iv

e
 

p
in

g
s
. 

A
t 

10 
k

n
o

ts 
a
n

d
 

a 
p

in
g

 
r
a
te

 
o

f 
l/s

, 
th

is
 
is

 
S

.l 
m

. 
T

h
e 

p
re

c
is

e
 

d
is

ta
n

c
e
 
is

 
a
s
s
ig

n
e
d

 
a
c
c
o

rd
in

g
 
to

 
a 

u
n

ifo
rm

 d
is

trib
tio

n
, 

w
h

ic
h

, 
fo

r 
th

e
 

e
x

a
m

p
le

, 
sp

a
n

s 
[0

,5
.1

] 
m

. 
T

h
e 

y
-c

o
o

rd
in

a
te

 
is

 
d
e
t
e
~
i
n
e
d
 

fro
m

 
a 

u
n

ifo
rm

 
d

is
trib

u
tio

n
 
d

e
fin

e
d

 
e
x

a
c
tly

 
o

v
e
r 

th
e
 

w
id

th
 
o

f 
th

e
 

b
eam

 
a
t 

th
e
 

p
re

d
e
fin

e
d

 
m

axim
um

 
d

e
te

c
tio

n
 
a
n

g
le

. 
In

 
f
illin

g
 
th

e
 
m

a
trix

, 
e
a
c
h

 
fis

h
 
is

 
tra

c
k

e
d

 
fro

m
 

its
 
f
ir

s
t 

d
e
te

c
tio

n
 
to

 
e
x

it 
fro

m
 
th

e
 

b
e
a
m

-sa
m

p
le

d
 v

o
lu

m
e
. 

T
h

e 
p

o
s
itio

n
 
o

f 
e
a
c
h

 
fis

h
 
is

 
a
ssu

m
e
d

 
to

 
re

m
a
in

 
c
o

n
s
ta

n
t 

d
u

rin
g

 
p

a
ssa

g
e
 
o

f 
th

e
 

b
e
a
m

, 
h

e
n

c
e
 

th
e
 

x
-c

o
o

rd
in

a
te

 
c
h

a
n

g
e
s 

b
y

 
c
o

n
s
ta

n
t 

d
is

ta
n

c
e
 

fro
m

 
p

in
g

 
to

 
p

in
g

. 
T

h
e 

fis
h

 
p

o
s
itio

n
 
is

 
e
x

a
m

in
e
d

 
w

ith
 
re

s
p

e
c
t 

to
 
th

e
 

sa
m

p
lin

g
 

v
o

lu
m

e 
o

f 
th

e
 

b
eam

, 
a
s
 

d
e
fin

e
d

 
b

y
 

a 
c
o

n
e
 
o

f 
c
ir

c
u

la
r
 
c
ro

s
s
 

s
e
c
tio

n
 a

n
d

 
v

e
rte

x
 
a
n

g
le

 
c
o

rre
sp

o
n

d
in

g
 

to
 

th
e
 
p

re
d

e
fin

e
d

 m
axim

um
 
a
n

g
le

 
o

f 
d

e
te

c
tio

n
. 

I
f
 
i
t
 
is

 
o

u
ts

id
e
 
o

f 
th

e
 

c
o

n
e
, 

th
e
 

c
o

n
trib

u
tio

n
 
to

 
th

e
 
s
c
a
tte

rin
g

 
s
tre

n
g

th
 
is

 
assu

m
ed

 
n

e
g

lig
ib

le
, 

a
n

d
 
th

e
 

n
e
x

t 
p

o
s
itio

n
 
is

 
e
x

a
m

in
e
d

. 
A

t 
e
a
c
h

 
p

o
s
itio

n
 
w

ith
in

 
th

e
 

c
o

n
ic

a
l 

sa
m

p
lin

g
 

v
o

lu
m

e
 
th

e
 

p
ro

d
u

c
t 

b
eam

 p
a
tte

rn
 
is

 
c
o

m
p

u
te

d
, 

a
ssu

m
ir.; 

id
e
n

tic
a
l 

tra
n

s
m

it 
a
n

d
 

re
c
e
iv

e
 

b
eam

s 
a
ris

in
g

 
fro

m
 
th

e
 

sam
e 

id
e
a
l 

c
irc

u
la

r 
p

is
to

n
 
w

ith
 

8
-d

e
g

 
b

e
a
m

w
id

th
 
a
t 

th
e
 

-3
-d

B
 
le

v
e
l. 

T
h

e 
fis

h
 
o

rie
n

ta
tio

n
 
is

 
d

e
s
c
rib

e
d

 b
y

 
a 

p
a
ir 

o
f 

s
to

c
h

a
s
tic

 
v

a
ria

b
le

s
, 

w
ith

 
t
i
l
t
 
a
n

g
le

 
th

a
t 

is
 
d

is
trib

u
te

d
 a

c
c
o

rd
in

g
 
to

 
a 

n
o

rm
a
l 

d
is

trib
u

tio
n

 
w

ith
 
p

re
d

e
fin

e
d

 m
ean

 
a
n

d
 
s
ta

n
d

a
rd

 
d

e
v

ia
tio

n
, 

a
n

d
 

a
z
im

u
th

 
th

a
t 

is
 

u
n

ifo
rm

 
o

v
e
r 

3
6

0
 

d
e
g

. 
T

h
e 

e
ffe

c
tiv

e
 
t
i
l
t
 
a
n

g
le

, 
a
s
 

o
b

se
rv

e
d

 
fro

m
 

th
e
 
tra

n
s
d

u
c
e
r, 

is
 

c
o

m
p

u
te

d
 
in

 
th

e
 
u

s
u

a
l 

w
ay

 
(F

o
o

te
 

1
9

8
0

). 
T

h
is 

in
 

tu
rn

 
is

 
u

se
d

 
in

 
e
x

tra
c
tin

g
 

a 
v

a
lu

e
 
o

f 
ta

rg
e
t 

s
tre

n
g

th
 

fro
m

 
ta

b
u

la
te

d
 

re
fe

re
n

c
e
 
d

a
ta

, 
w

h
e
re

 
th

e
 
ta

r
g

e
t 

s
tre

n
g

th
 
fu

n
c
tio

n
 c= 

t
i
l
t
 
a
n

g
le

 
h

a
s 

a
lre

a
d

y
 b

e
e
n

 
s
e
le

c
te

d
, 

a
c
c
o

rd
in

g
 
to

 
a 

u
n

ifo
rm

 
d

is
trib

u
tio

n
, 

fo
r 

th
e
 

s
u

b
je

c
t 

f
is

h
. 

A
lth

o
u

g
h

 
th

e
 
fis

h
 
is

 
a
ssu

m
e
d

 
to

 
re

m
a
in

 
fix

e
d

 
in

 
p

o
s
itio

n
 

fro
m

 
p

in
g

 
to

 
p

in
g

, 
i
t
 
is

 
a
llo

w
e
d

 
to

 
c
h

a
n

g
e
 
its

 
o

rie
n

ta
tio

n
 
w

ith
in

 
th

e
 

c
o

n
fin

e
s
 
o

f 
th

e
 

tw
o

 
d

is
trib

u
tio

n
s
. 

T
h

e 
c
o

n
trib

u
tio

n
 
to

 
th

e
 

m
ean

 
v

o
lu

m
e
 
b
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Fig. 1. Simulated echogram with bottom and single pelagic fish layers filled with cod echoes. 
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Fig. 2. Simulated echogram with bottom and three pelagic fish layers filled with gadoid echoes. 
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