
th

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



{tj}Nt
j=1 {✓i}N✓

i=1
{Sij} = {S(✓i, tj)} S

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



✓i

tj

zt

rt

zs c(z)

zb(r)

zb

B

✓BW

zt

• rt

• zb(r)

zb(r) = zb

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



• zs

• c(z)

zt

zt zt rt

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



0 500 1000 1500 2000 2500 3000 3500 4000

0

50

100

150

200

250

300

350

400

Range

D
ep

th

Eigenrays with constant sound speed profile

 

 
Source/Receiver
Target

zs = 50 zt = 150

rt = 4000

•

•

•

•

•

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



Arrival angle in degrees

Ar
riv

al
 ti

m
e 

in
 s

ec
on

ds

Typical Signal

 

 

−40 −20 0 20 40

7.9

8

8.1

8.2

8.3

8.4

8.5

0.5

1

1.5

2

2.5

3
x 1010

1/B B

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



�p� 1

c

2

@

2
p

@

2
t

= 0.

�p+

!

2

c

2
p = 0

!

r

p(r) = e

i!⌧(r)
1X

j=0

Aj(r)

(i!)

j
,

rp = e

i!⌧

2

4
i!r⌧

1X

j=0

Aj

(i!)

j
+

1X

j=0

rAj

(i!)

j

3

5

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



�p=e

i!⌧

2

4
(�!

2|r⌧ |2+i!�⌧)

1X

j=0

Aj

(i!)

j
+2i!(r⌧)

T
1X

j=0

rAj

(i!)

j
+

1X

j=0

�Aj

(i!)

j

3

5

(�!

2|r⌧ |2+i!�⌧)

1X

j=0

Aj

(i!)

j
+2i!(r⌧)

T
1X

j=0

rAj

(i!)

j
+

1X

j=0

�Aj

(i!)

j
=�!

2

c

2

1X

j=0

Aj

(i!)

j
,

!

O(!

2
) : |r⌧ |2 =

1

c

2

O(!) : �⌧A0 + 2(r⌧)

TrA0 = 0

O(!

1�j
) : �⌧Aj + 2(r⌧)

TrAj +�Aj�1 = 0 j = 1, 2...

Eikonal

! � 0

rp

r⌧ r⌧

x(s) = [x(s), y(s)]

T

dx

ds

= cr⌧ )
����
dx

ds

����
2

= c

2|r⌧ |2 = 1,

s

s

d

ds

✓
1

c

dx

ds

◆
=

2

664

@

2
⌧

@x

2

@

2
⌧

@x@y

@

2
⌧

@x@y

@

2
⌧

@y

2

3

775
dx

ds

=

2

664

@

2
⌧

@x

2

@

2
⌧

@x@y

@

2
⌧

@x@y

@

2
⌧

@y

2

3

775 cr⌧

=

c

2

d

ds

|r⌧ |2 =

c

2

d

ds

1

c

2
= � 1

c

2
rc

x(s) = [r(s) z(s)]

T

⇠ =

1

c

dr

ds

, ⌘ =

1

c

dz

ds

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



⇠ =

1

c

dr

ds

d⇠

ds

= � 1

c

2

@c

@r

⌘ =

1

c

dz

ds

d⌘

ds

= � 1

c

2

@c

@z

.

z(r)

dr

ds

= c⇠ )

8
>>>>><

>>>>>:

c⌘ =

dz

ds

=

dz

dr

dr

ds

= c⇠

dz

dr

) dz

dr

=

⌘

⇠

d⇠

ds

=

d⇠

dr

dr

ds

= c⇠

d⇠

dr

= � 1

c

2

@c

@r

) d⇠

dr

= � 1

⇠c

3

@c

@r

d⌘

ds

=

d⌘

dr

dr

ds

= c⇠

d⌘

dr

= � 1

c

2

@c

@z

) d⌘

dr

= � 1

⇠c

3

@c

@z

.

r

d

2
z

dr

2
=

d⌘

dr

⇠ � ⌘

d⇠

dr

⇠

2
=

�@c

@z

+

⌘

⇠

@c

@r

⇠

2
c

3
=

�@c

@z

+

dz

dr

@c

@r

⇠

2
c

3
.

1 =

✓
dr

ds

◆2

+

✓
dz

ds

◆2

=

✓
dr

ds

◆2

+

✓
dz

dr

dr

ds

◆2

=

✓
dr

ds

◆2
 
1 +

✓
dz

dr

◆2
!

)
✓
dr

ds

◆2

=

1

1 +

✓
dz

dr

◆2 .

⇠

2

⇠

2
=

1

c

2

✓
dr

ds

◆2

=

1

c

2

1

1 +

✓
dz

dr

◆2

d

2
z

dr

2
=

1

c

"
1 +

✓
dz

dr

◆2
# 

�@c

@z

+

dz

dr

@c

@r

�
.

z(0) = zs z

0
(0) = tan(✓0)

✓0 c

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



c r

d

2
z

dr

2
= �1

c

@c

@z

"
1 +

✓
dz

dr

◆2
#
, z(0) = zs, z

0
(0) = tan(✓0).

t =

rtZ

0

q
1 + (z

0
(r))

2

c(z(r))

dr.

SNR = SL� 2TL+ TS �NL+DI,

SE = SNR�NT = SL� 2TL+ TS �NL+DI �NT.

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



✓0

z

0
(0) = tan(✓0) z(rt) = zt

✓0

c(z)

c(z)

c

d

2
z

dr

2
= 0, z(0) = zs, z

0
(0) = tan(✓0)

) z(r) = r tan(✓0) + zs.

z(rt) = zt ) tan(✓0) =
zt � zs

rt
.

(0, zs) (rt, zt)

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



2zs 2(zb � zt)

2zt

2(zb � zt) m n

✓

(m,n)
0

tan(✓

(m,n)
0 ) =

zt � zs + 2zs + 2(m� 1)zt + 2n(zb � zt)

rt

=

(2(m� n)� 1)zt + zs + 2nzb

rt
,

tan(✓

(m,n)
0 ) =

zt � zs + 2(zb � zt) + 2mzt + 2(n� 1)(zb � zt)

rt

=

(2(m� n) + 1)zt � zs + 2nzb

rt

t

(m,n)

t

(m,n)
=

rt

c cos(✓

(m,n)
0 )

.

c(z) =

cb�c0
zb

z + c0 cb
@c
@z =

cb�c0
zb

d

2
z

dr

2
= � 1

z + �

"
1 +

✓
dz

dr

◆2
#
, z(0) = zs, z

0
(0) = tan(✓0),

� =

c0zb
cb�c0

d

2
z

dr

2
(z + �) +

✓
dz

dr

◆2

=

d

2

dr

2


z

2

2

+ �z

�
= �1

) z

2

2

+ �z = �r

2

2

+Ar +B.

A = tan(✓0)(zs + �),

B = zs(� +

zs

2

).

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



0 500 1000 1500 2000 2500 3000 3500 4000

0

50

100

150

200

250

300

350

400

Range

D
ep

th

Eigenrays with constant sound speed profile

 

 
Source/Receiver
Target

zs = 50 zt = 150

rt = 4000

z

z(r) = �� ±
p
(zs + �)

2
+ 2 tan(✓0)(zs + �)r � r

2
,

z

� z � 0

� > 0 � < 0

z(r) = �� + sgn(�)

p
(zs + �)

2
+ 2 tan(✓0)(zs + �)r � r

2
,

sgn

{rn}Nn=1

{In}Nn=0

In = [rn, rn+1] r0 = 0 {zn}Nn=0 z(rn)

{✓n}Nn=0

{(rn, zn)}Nn=0

z(rn) = zn, z
0
(rn) = tan(✓n)

In

z(r)|In =��+sgn(�)

p
(zn + �)

2
+ 2 tan(✓n)(zn + �)(r � rn)� (r � rn)

2
.

zn+1

z(rn+1)|In = zn+1 rn+1

rn+1 = rn + tan(✓n)(zn + �)±
q

tan

2
(✓n)(zn + �)

2
+ (zn + �)

2 � (zn+1 + �)

2
.

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



zn+1 zn+1 = zb zn+1 = 0

rn+1 > rn zn+1 = 0 � > 0

(zn + �)

2 � (zn+1 + �)

2 � 0,

rn+1 > rn

zn+1 = 0 � < 0

(zn + �)

2 � (zn+1 + �)

2  0,

rn+1 > rn

zn+1 =

0

rn+1=rn+tan(✓n)(zn + �)+sgn(�)

q
tan

2
(✓n)(zn + �)

2
+ (zn + �)

2��

2
.

zn+1 = zb

rn+1=rn+tan(✓n)(zn+�)�sgn(�)

q
tan

2
(✓n)(zn+�)

2
+(zn+�)

2�(zb+�)
2
.

✓n

tan

2
(✓n) <

✓
zb + �

zn + �

◆2

� 1,

sgn(z

00
(r)) =

�sgn(�) � > 0

� > 0 tan(✓n) < 0 rn+1 < rn

� > 0

tan(✓n) >

s✓
zb + �

zn + �

◆2

� 1,

zn+1 = zb zn+1 = 0

� < 0 zn+1 = 0

tan(✓n) < �
s✓

�

zn + �

◆2

� 1,

zn+1 = zb

✓n+1

✓n+1 = �✓in ✓in

tan(✓in) = lim

r!r�n+1

z

0
(r)|In .

tan(✓n+1) = � lim

r!r�n+1

z

0
(r)|In ,

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



tan(✓n+1) =

s

(tan

2
(✓n) + 1)

✓
zn + �

�

◆2

� 1, zn+1 = 0

tan(✓n+1) = �
s

(tan

2
(✓n) + 1)

✓
zn + �

zb + �

◆2

� 1, zn+1 = zb.

✓0 z0 = zs

z1

r1

✓1 z2, r2 ✓2

0 500 1000 1500 2000 2500 3000 3500 4000

0

50

100

150

200

250

300

350

400

Range

D
ep

th

Eigenrays with linear sound speed profile

 

 
Source/Receiver
Target

zs = 50 zt = 150

rt = 4000

✓0 zt z0 rt

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



zn ✓n rn

zn

✓n rn

N

t =

rtZ

0

q
1 + (z

0
(r))

2

c(z(r))

dr =

N�1X

n=0

rn+1Z

rn

q
1 + (z

0
(r))

2

c(z(r))

dr +

rtZ

rN

q
1 + (z

0
(r))

2

c(z(r))

dr.

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



N

✓i

tj

N

2

Sm(✓i, tj) = Am exp

 
�1

2

"✓
tj � tm

�t

◆2

+

✓
✓i � ✓m

�✓

◆2
#!

,

tm ✓m �t

�✓

�t = 1/B B �✓ = ✓BW /2 ✓BW

Am

Am = 10

SNR
10

NL,

S =

N2X

m=1

Sm.

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



S = n(µn,�n) +

N2X

m=1

Sm,

n(µn,�n) µn

�n

µn = �n = µ

Am

Am

100�t

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



c(z)

c(z)

c(z) =

8
>>>>>>>><

>>>>>>>>:

c0
z1 � z

z1
+ c1

z

z1
0  z < z1

c1
z2 � z

z2 � z1
+ c2

z � z1

z2 � z1
z1  z < z2

cn�1
zn � z

zn � zn�1
+ cn

z � zn�1

zn � zn�1
zn�1  z  zn

{zj}nj=1 {cj}nj=1

{zj}nj=1 {cj}nj=1

c(z) c = [c0 c1 . . . cn]
T

z = [z0 z1 . . . zn]
T

ci

ci

m

c1, c2...cm

¯

c

[c1 � ¯

c, c2 � ¯

c, ..., cm � ¯

c]

v1,v2...vm

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



c =

¯

c+

mX

k=1

�kvk

�j

c

c =

¯

c+ �1v1 + �2v2 + �3v3.

�1, �2 �3 c(z)

zt

rt zb zs c

c

�1, �2 �3

Nt

N✓

S =

2

66664

S11 S12 . . . S1N✓

S21 S22

SNt1 . . . SNtN✓

3

77775

Sij ti ✓j

M =

2

66664

M11 M12 . . . M1N✓

M21 M22

MNt1 . . . MNtN✓

3

77775
.

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



f(M ;S) = ||S �M ||2,

|| · ||

||A||F =

vuut
NtX

i=0

N✓X

j=0

|Aij |2.

S = M

M

s =

2

66666666666664

S11

SNt1

S12

S1N✓

SNtN✓

3

77777777777775

and m =

2

66666666666664

M11

MNt1

M12

M1N✓

MNtN✓

3

77777777777775

.

f(M ;S) = ||s�m||22 = s

T
s� 2s

T
m+m

T
m.

s

T
s m

M

m =

N2X

k=1

mk,

mk k

s

T
s

¯

f(M ;S) = �2s

T
m+m

T
m = m

T
m� 2

N2X

k=1

mk
T
s.

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



m

T
m

mk

mk

mk

g(M ;S) = �s

T
m = �

N2X

k=1

mk
T
s

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



fminsearch.m

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



rt, zb zt

zs

{✓i}5i=1

z(rt; ✓i)

zt

E =

1

5

5X

i=1

|zt � z(rt; ✓i)|.

✓i = n

✓
¯

✓i,
✓BWp

s

◆
, ti = n

✓
¯

ti,
1

B

p
s

◆
.

n(µ,�) µ

�

¯

✓i ¯

ti

✓BW B

s = 10

SNR/10

✓i ti
¯

✓i ¯

ti

s

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



•

•

•

•

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



1468 1470 1472 1474 1476 1478 1480 1482 1484

0

50

100

150

200

250

300

350

400

450

500

Sound speed (m/s)

D
ep

th
 (m

)

Sound speed profile

Prodeedings of the 37th Scandinavian Symposium on Physical Acoustics 2 - 5 February 2014



Method 1. Target depth: 50 m.

Target range

Bo
tto

m
 d

ep
th

 

 

2000 4000 6000 8000 10000

100

200

300

400

500

600

700

800

900

1000

0

1

2

3

4

5

6

7

8

9

10
Method 2. Target depth: 50 m.

Target range

Bo
tto

m
 d

ep
th

 

 

2000 4000 6000 8000 10000

100

200

300

400

500

600

700

800

900

1000

0

1

2

3

4

5

6

7

8

9

10

Method 1. Target depth: 250 m.

Target range

Bo
tto

m
 d

ep
th

 

 

2000 4000 6000 8000 10000

100

200

300

400

500

600

700

800

900

1000

0

1

2

3

4

5

6

7

8

9

10
Method 2. Target depth: 250 m.

Target range

Bo
tto

m
 d

ep
th

 

 

2000 4000 6000 8000 10000

100

200

300

400

500

600

700

800

900

1000

0

1

2

3

4

5

6

7

8

9

10

Method 1. Target depth: 450 m.

Target range

Bo
tto

m
 d

ep
th

 

 

2000 4000 6000 8000 10000

100

200

300

400

500

600

700

800

900

1000

0

1

2

3

4

5

6

7

8

9

10
Method 2. Target depth: 450 m.

Target range

Bo
tto

m
 d

ep
th

 

 

2000 4000 6000 8000 10000

100

200

300

400

500

600

700

800

900

1000

0

1

2

3

4

5

6

7

8

9

10

Method 1. Target depth: 650 m.
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Target range
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• arrivals.m

• cellAverage.m

• clean.m

• fastcost.m

• fastcostnew.m

• fastcostopt.m

• findArrivalAnglesAndTimes.m

• gethistory.m

• gettransloss.m

• initialGuess.m

• interpolationtype.m

• linint.m

• makefilename.m
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• model.m

• optimization.m

• planewavereflection 2layered.m

• quadint.m

• raytrace.m

• raytracelybin.m

• readSignal.m

• removeUnderThreshold.m

• sndSpeedFromProfile.m

• synthesize.m

• testsetup.m

• traveltime.m

• traveltimetrap.m

• convtest.m

• funkytest.m

• lybinspeedtest.m

• pingtest.m pingtesting.m

• largeInitialGuess.m largeoptimtest.m largetest.m runtest.m

• test.m
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• testdata.m

• testoptim.m

• lybinvsanalytic.m

• rayanim.m

• signalplot.m

• signalplot2.m

• snrtestplot.m
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