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e ABSTRACT

i

‘3 A sea floor benchmark experiment was conducted in an
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area about 16 nmi west of Pt. Lobos, California (36°30'N x
122°17' W) during 18-22 May 1985,

-
»,

)

;ﬁ Two baseline-crossing methods were used to determine the
] relative positions of acoustic bottom transponders. The

gh' method of least-squares adjustment was used to analyze the

o

data. Relative position determination of the transponder
array is discussed and recommendations are made for futher
improvement. The advantage of these methods is their
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simplicity. Their disadvantage is the relatively large

° &

amount of ship time they require to achieve acceptable accu-
. racies.

+

o

Transponder arrays such as the one deployed can be used
ﬁ? for solving many types of problems in sea floor engineering, -

which will be of increasing importance in the future.
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I. INTRODUCTION

A. BACKGROUND

In today's world, the ocean scientist and engineer need
increased accuracy for marine positioning to accomplish
their work. The establishment of a system for the precise
determination of positions on the deep seafloor is one of
the most fundamental challenges of working in the open sea.

A seafloor benchmark positioning system is proposed
which can deteraine accurately the location of- objects on
the sea floor (Saxenma, 1974). Such precisely located Lenca-
marks can later be used in turn to delineate offshore prop-
erty lines and national boundaries. They are also useful in
solving proilems in seafloor engineering, in plate tectonic
studies and in connection with bore-hole reentry associated
with off-shore o0il recovery.

The objective of this study is to demonstrate the feasi-

bility of estatklishing such seafloor benchmarks.

B. DESCRIPTION

Early experiments associated witn searloor acoustic
transponder arrays were carried out by Hart (1967), Haehnle
(1907), Fubara and Mourad (1972), aad McKeown (1975, wno
used a paseline crossing mathod to soive for the distances
between transponders. "3Baseline" in tals taesis means the
line Letween the projectioas of two bottom-mounted acoustic
transponders onto the sea surface.

The baseline accuracies obtained by Hart (1967), AcKeown
(1975), and Fubara and Mourad (1572) were #15.7 n for base-

lines orf 5509 m, 3.1 to +4.2 m over baselines of 6373 to

7219 m and *15.5 m over baselines of 9364 m, respectively.
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The first two of the above authors did not use a least
squares method for data aralysis.

There are three parts to the determination of the abso-
lute position of an ocean-bottom transponder array using
satellites. They are (Figure 1.1):

1. To determine the geodetic position of the ship's

receiving antenna from the Global Positioning Systen
(GPS) ;

2. To convert the geodetic position of the antenna to

the ship-mounted acoustic transducer; and

3. To determine the geodetic position of the acoustic

transponder array on the sea floor using a saip-
mounted acoustic tramnsducer. )

This thesis is concerned with the relative position of a

bottom—nmounted transponder array with regard to the ship.

C. DESCRIPTION OF THE SYSTEH

Acoustic transponders manufactured by Oceano Instruments
were used for this project. They were deployed by tahe R/V
Acania. Figure 1.2 shows the configuration of the Oceanc
system used. Their principal ieatures are:
1« Ad-121 : (Acoustic Module)
The hydrophone was fixed amidships to the
port side at a depth 2.95 a.
- Transmission firequencies : 8 to 16 kHz.
- Reception frequencies : € to 16 kHz.

2. RT-121 : (Recoverable Transponder)
- Frequencies : 8 to 16 kHz.
- Delay time : 15.0+0.1 as.

3. TI-201 : (The Accoustic Telecornmand Moaudlie)

has the followingy functions:
- Coge acoustic sigjnal transmitted by either tae
acoustic module or UyC transducer.

-~ Monitors range to Jlesirea transponder.

11
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A - Monitors reception of code by traansponder.

f& 4. IM-100 : (Data Interface Module)

' - Accepts up to 16 data inputs.

oy - Max. converted data format : 7 digits without
Q) sign or 6 digits plus sign.

e ORI

N : - Computer interrupt request possible through
any input.

\
b
ﬁ& - Each channel may be read separately.
h
P~ 5. RM-201 : (Rangemeter)
&ﬁ - Transponder turnaround delay offset : 0 to 99.99 us.
. - HYean velocity of sound input : O to 9999.9 units per
$: second.
s . .
;@ - Standard reception filters : 8 to 16 khHz (0.5 kHz step)
W - Bandwidta : 200 Hz.
i;’ Critical to the experiment are the foliowing:
. . .
gﬂ 1. The transducer (a part of the AM-121) was 2.95 &
'
]% below the surface, and the transmission and reception
2‘ Lrequencies were 8 to 16 kHz.
2 2. The system delay on the RM-201 was set at 15 millise-
:é conds, i.e., the time lapse between reception and
iy _ transmission of a signal.
g
f) 3. Velocity on the RM-201 was set to 1480 m/s.
"o 4. Interrogation periol was set at 10 s.
~ ' 5. Interrogation irequency (kHz) was set 15 kdz.
5# The numerical constants of (3) and (4) were used for tne
‘.' survey. Uetails of the transponders are given by Oceano
\f Instruments (1984).
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i? IXI. IHE OPERATIONAL PROCEDURE FOR IMPLANTATION OF A
s TRANSPONDER ARRAY
s
Lty - A. SITE SELECTION

N
;T: The main criterion for the site of the experiment was
lﬁi that it be relatively flat over an area approximately 2 km x
ﬂi; 2 ka. Since there were no existing charts detailed enough,
e a reconnaissance survey was perfomed by the R/V ACANIA on 10
>§Gl and 11 April 1985. Some 10 north-south sounding lines and
'Jg‘ 1-cross line were run witn 1-nmi spacings and 5-min position
g:: fixes.

® The area chosen for the experiment (Figure 2.1) is

!&? approximately 24 nmi west of Pt. Lobos, California, in water
oy approxiaately 1500 to 2000 m deep. It is the area from
f%ﬁ : 36929.5' to 36°31*'N and 122°16*' to 122°917.8'%. Mini-Raager
e stations (Figure 2.2) were set up at Point Sur

R (36018120.279% N X 1219 53156, 179"%) and Carmel
% (369331 49.176" N X 121953'48.358"W) for additional ship
J:}ﬁ position control.
]
":j B. IMPLANTATION PROCEDURE
‘Eﬁé The transponders were deployed at pre-selected sites

4 using a buoy-first, anchor-last, technigque. The anchors

It used were railroad wheels which weigh about 290 kg in water.
Eéa The mooring cables between the anchors and thes transponders
1€E§ and between the transponders and the buoys ars each 8-nm
';ﬁé long. The transponders weigh about 46 lbs in water, ana
SN each buoy has 55 1lbs positive floatation. Three 17-in

S% Benthos glass sphere floatation buoys were attached to each
‘E? : transponder by mears of 5/32-in stainless cabies 8-z longj.
'iﬁf dltnougn 2 spheres would have provided sufficent puoyancy
o8
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f:} for recovery, a third wvas used to provide additional temsion
(about 50 kg total) to reduce the motion of the transpon-
;_v.:"'ﬁ ders. The mooring system is shown in Figure 2. 3.
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III. DETERMINATION OF EARMONIC MEAN SOUND VELOCITY

\.‘1

L

- A. INTRODUCTION

)

Vi Historically, echo soundings have been made by assuaing
P 7 . .
¢¢j a constant, approximately average, value for the velocity of
&iﬂ sound throughout the water column, usually

a\'

S 4800 fty/s (=1463 m/s) or 1500 m/s, and then correcting for
XY, variations of this assumed value for the actual water

Jj; column. Ecnho sounders are time-measuring devices. The

o sounder's acoustic transducer emits a sound pulse which is
~;ﬁ reflected upwards by the bottom—-mounted acoustic transponder
‘ﬁf and received back at the surface transducer. The time of
‘ﬁgﬁ travel of the sound pulse is divided by two, and this value
L+ . .y . .
q#ﬂ is multiplied by the assumed harmonic mean speed of sound in
Wl

i sea water, thus, giving the distance according to the

Fﬁf ' expression D = V t . The echo sounder makes this transfor-
e

o mation 2lectronically or mechanically within the device
! ) itself and displays the aistance in the water between trans-
C) ducer and transponders. This distance is not esqual to the
f?g true distance, since the assumed harmonic mean sound speed
e generally does not equal the true meau speed for a partic-
3; uiar depth. To determine the true harmonic mean sound speed
\)- 1

[} one must know the sound speed throughout the water column
S; and apply it to solve for the harmonic mean. For a distance
% ] measurement to be accurate, precise measurements of time ani

Y

:j the harmonic mean speed of sound in the water column are

L]

L3 mandatory.

3

- B. THE VELOCIT! OF SOUND IN THE OCEAN

%ﬁ The velocity of sound in sea water is a function of

g; temperature, pressure, and salinity: Vv = V(T7,5,P). Because
;@

-

Pa]
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tne sound velocity is not constant with position, sound rays
are refracted according to Snell's law.

Wwe have followed the stamdard practice of the U.S.
lational Ocean Service (NOS) to use Wilson's {(1960) eguation
for tne speed of sound as a function of salinity, tempera-
ture and pressure (Umbach, 1976):

(3.1
V= 1449 . 14+VT+VP+VS+VSTP

wohere

vT=4.5721T-4.4532x1o‘2T2-2.6045x1o‘4T3 ;
(3.2)
+7.9851x10 %14

-1 -5,2
= . 10 7P
VP 1.60272X10 "P+1.0268X (3. 3)

- -19
+3.5216%10"°p3-3. 3603x10" +2p*

VS=1.39799(5-35)+1.69202x1o‘3(s-35)2 (3.4)

VSTpa(s-as)(-l.1244x1o‘2T+7.7711x1o‘7T2
+7.7016X10™2P-1.2943%X10P%+3.1580X10" °pPT
+1.5790X10~2PT2)+P(-1.8607X107 4T
+7.4812%10”512+4 . 5283%107%7%) (3.5

2 -7 -2.2
+P“(-2.5294X10 'T+1.8563X10 "T7)

+p3(-1.9646x1071°T).
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);f

o

E% In these equations the absolute pressure, P, is expressed in
‘fL kg/cm2, temperature, T, is in °C, salinity, S, is in g/ky,

; and sound velocity, V, is in m/s. PFor these relations for V
niﬁ the standard deviation from the mean is 0.30 m/s for all

12{ data ottained in the ranges -4 £ T £ 30 °C, 1 ¢ P £ 1000

kg/cm2, and 0 £ S < 37 g/kg (Wilsoa, 1960, p.1357).

C. HARMONIC MEAN SOUND VELOCITY

~ N
ig The slant range from a ship to a transponder is deter-

. mined by measuring the transit time, t, of an acoustic pulse
i;g and converting it to distance using an appropriate value rfor
}“ sound speed. If the mean sound velocity, V, in the water
fﬁi column is known, tae distance, L, from transducer to trac-

[ Vol

® sponder can be computed bhy:

N

o L= (ts2) V¥ (3-6)
"
' For our small project area the distances between transpon-
‘:ﬁ ders are less tunan 2 nomi, and it is assumed that there is no
[\ . . . .

<5 hocizontal sound speed variation, and only corrections for
L

o~ vertical sound speed variation are considered. For a
- one-way travel time , T, through a water column of depth, 2,
vl the meaL sound velocity is:

g
ol
_\F‘l -
' V=2/T1 (3.7)
._'-«:.
- The meaning of "mean sound velocity" is neither "mean

‘:E velocity from the surface to the stated depth" nor the "aean
- R . . .
NS value tor the velocity of sound through the vertical water
. coluan®. According to Equation (3.7) the mean velocity is
R
2. obtained from tne true depth divided by the one way travel
Wl .
W time.
K
“

.
[
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Figure 3.1 A Layered Qcean Where V;

= v the Sound
Speed in the ith Layer and‘z IS

I
( t

z) Is
Depth.
Consider nov a layered ocean having a different sound
speed in each liyer. Figure 3.1 shows a series of finite
layers of tauickrness az,, each with an associated sound
speed, v . The time interval,4aTi, for the sound wave to

pass vertically through ths ith layer is :

Summing tne time intervals for all n layers in a vertical

water column from surface transducer to bottom transponder ,

n n
T = Za1;, = 5 (az;/V;) (3.9)
=1 L-'-,
For a contiguous function, V = v(z), this becomes
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2
T = J dz/v(z2) (3. 10)
0

Equation (3.7) may now be written :

i=_2 (3. 11)

&
o Vi(z)

Thic is the integral form of the harmonic mean. Using

Simpson's Rule, Equation (3.10) can be rewritten as :

=]
1]

(V/V, +4 /7, $2/V, #4/V; ¢ eee +1/V,) d/3 {3.12)

where d D/n (magnitude or derth increments)
D = cottom depth at transponder
n = even nunber of depth increments between
transducer and transpoader
% = measured sound speed at depth j.
Since the barmonic mean sound velocity is obtained by
eBquatiorn (3.11), th~ slant range from transducar to acoustic
trarcsponder can be obtained using Equations {3.10) arnd

(3.11):
L=TV

CID casts to 1400 m were made on 18 and 20 May 1985 in
tne project area just prior to and during our main experi-
ment. Sound velocities and harmonic means based on the
sound velocity profiles derived from thne CTD casts are
plotted in Figures 3.2 and 3.3 . Altaough the profiles
shown 1in these figures are for different days and different
places within the project area, they show very little varia-
tion in harmonic mean sound velocity, and thus support our
previous assumption that the sea water is horizontally hLoamo-

gen~ous to an acceptable degree within the study area.
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Actually, the difference of these two harmonic mean veloci-
ties 1s approximately 0.07 m/s near the bottom as is shown
in Figure 3.4. The mean of these two narmonic mean sound
velocity profiles is used in the range calculations of the
following chapter.

D. ACOUSTIC WAVE BREFRACTION

To simplify our acoustic analysis it is desirable to
assume that in the study area sound follows straight paths
from the surface to the ocean bottom. To test this approxi-
mation the daifferences in path lengths froam the surface to
the bottom were calculated for varies depression aangles at
the surface.

Profiles such as those of Fiqures 3.2 and 3.3 are
usualily simplitfied for analysis by separation into an appro-
priate number of segments each having an approximately
constant gradient (Figure 3.5). If the velocity of sound
changes linearly with depth, sound rays can be shown to nave
a constant radius of curvature (Urick, 1983, p.124).
Horizontal distance, d, depth, 2z, radius of curvature, R,
segments of arc, s, and depression angle, A, are shown sche-
matically in Figure 3.6. The path of a ray when the speed
of sound varies with depth can be calculated by application
of Snell's law:

cosAl /7 C, = cosAZ / CZ = ®ee = cosA;/ CL (3.13)

wnere C;= sound speed
A; = depression angle
For an initial depression angle of 30° the profile of
Figure 3.5 gives the results shown in Table I.
The raaius of curvature can be obtained in the following
manner (Kinsler, 1982, pp399-402). Let
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TABLE 1 ]
SN Depression Angle at Different Layers

5
3 T

\
'.'Svh : | Sound | Depth i Depression
e Points | Velocity | (m) { angle (deg.)

% 4 ————— By

| 1493.0 | Ja [ 30.0
i 1483.5 i 176.4 | 30.63

3. | 1484.04 | 266.6 | 30.59
| 1881.2 [ 526.4 | 30.78
I 1482.46 i 1097.2 i 30.69
l | !

1484.34 1400.0 30.57

9, = (G =€)/ (2, -2;) (3. 14)

~ ;: and
R. = - ‘CL / g‘:) cosA‘: (3.15)

" where

= Radius of curvature in the it¢h depth increment

; = Sound speed in the ith depth region

{ = Depression angle

e g. = Speed gradient

‘ﬁ The change in range ad. and depth az; are (Kiasler, 1982) :

e . - - . . . - . N
;::‘_,; Adi = =R ( sina; sind; ., ) (3.16)

X
: ;\. Az:_ = -K; ( cosAu_, - cosAL ) (3.17)
X
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BN
R
&s so the chord can be obtained by two components of change in
LS range and depth; that is,
' D, = ( ad2 + Az2 )i/2 (3.18)
o L > ;
M
5 .
W The angle, 6., is
)
iﬁ
‘;; 8, = 2sin—! ( D; /2R; ) (3.19)
";‘
o so the arc, s, is:
i [
%
T = .
.;N""
ﬁf where 60; is the angle in radiaas.
o The range and depth increments give the straight line
d‘ﬂ: .
L
58 L = [ (284; )2+ (5az, )2]1/2 (3.21)
R
at The ray paths can be obtained by summing arcs:
1
= s =Ss; (3.22)

The difference due to refraction bLetween a sound ray's

K%
[#
fk. actual path and a straight line is thus:
S
sl
)
E=5-1 (3.23)
N wnere  E = the error between two lines,
) .
e = the distance along the ray path, and
o
= the straight-line distance between the
W ship-mounted transducer and bottom transponder.
Qﬁ Ray~-trace computations were made for various initial
.yl depression angles (at the surface) down to a lepth of 1400 n
. _‘! .
QL (Tabples II and HIlSlnce E<1 ca for a 309 surface
N
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Y TABLE IIX

N The Result of Ray Trace Computation

.

fj: ‘ For Imitial Depression Angle = 30 Degrees i
n s

k@ Depth Gradient Radius Horiz. Depth Arc )
1

;& Increment g R Dist. (4 ) z s

SR S Iml______ dm]______(ml______[ml_ ___

o 1. 0.0538 32011.36 30t1.72 176. 4 349.5023 J
X 2. 0.0060 287966.49 152.47 90.2  177.1543

o 3. 0.0109 157706.64 437.35 259.8  509.1273

[ 4. 0.0022 780984.82 960.03 570.8 1116.8993 |
L J

Lx-

%S Total : - 2363.42 1400.0 2746.9658

b The Distance of Straight Line : 2746.9562

;; The Error : 0.0096 meters

L ;
v

v

! (_'.‘.

R depression angle and a 1400-m water depth, corresponding to
L a horizontal distance of 2363 m, which covers the project

'k: area, and since the depression angles encountered 4uring the
. project were 30° or greater, 1 cm represeuts in upper limit
o to the error resulting from our assumption of linear ray

fi paths from the surface to the bottom, and a correction for
w0

o refraction is unnecessary.
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TABLE I1II

The Error Comparation at Different Angles

Defression Horizantal Ray Straight Error

Angle Distance Trace Line

(degree) {m) (m) (m) (cm)
0 13429.23 13508.3850 13502.0064 n37.86
10 ©637.03 6783.2984 6783.0795 21.89
20 3647.10 3906.6140 3906.5806 3. 34
30 2363.42 2746.9658 2746.9562 0.99
60 801.28 1613.0859 1613.0853 0.06
90 0.0 1400.0 1400.0 0.0
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IV. RELATIVE PQSITION DETERMINATION OF THE TRANSPONDER AREAY

L — -t &4 ———— —

A. INTRODUCTION

Two methods to determine relative positions are
discussed in this chapter. They are basic baseline crossiag
and the modified baseline crossing method; the former is
described by Hart (1967) and Haehnle (1967), the latter is
described by Fubara and Mourad (1972). The main difference
between the methods is that Hart and Haehnle reguire accu-
rate transponder depths, tut Fubara and Mourad- do not.

The cloverleaf method used to determine transponder
depths 1s described by Hdaehnle (1967) is introduced in tae
next section.

B« CLOVERLEAF METHOD FOR TRANSPONDER DEPTH DETERMINATION

An initial approximation to the depths of Lottom-mounted
acoustic transponders can be obtained rfrom a knowledge of
the water depth at the point where the mooringy is released
from the ship. However, the unit may move laterally while
descending, or bottom topography may have considerable
relief not evidert on the echo sounder record. Hence, a

e I

e
R

more accurate method of depth determination is required.

&

tiere the depth is defined as the distance tetween the hull-
mounted trarnsducer and the bottom-anchored transponder waen
the vessel is positioned exactly over the transponder.

The ship neea not be directly above the transponder but
should be in close proximity to it. Although it is very
difficult to cross over the transponder exactly wita tae
ship, tke depth may be approximated as tane aminimum slant
range when the transponier is crossed over many times using

a "cloverleatf" method (7igure 4.1). Thus, i1f a transponder
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Determination of Tramsponder Depth.
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.*t Figure 4.2 Exagple of Depth Difference.
. 1s at a deptn of 1520 a and tae ship 1s displaced 50 meters
j%: horizoatally from it, toe depth deteramined by the cloverieat
v methcd would be in error by only (.33 aeters (Figure 4.2).
C; Tke procedure used for running 31 cloverleaf maneuver 1is
% as follows (Haehnle, 1957):
ﬁf 1. Zach time a transpoader is dropped fros the ship the
b ship's position is noted.
,."‘.. . R . )
;' 2. The ship proceeds toward the transponder drop point
e andi passes near it; A closest point of approaca
;ﬁi (CPA) is then deternmined and recorded.
:;3 3. The ship thenm turns, crossinjy the first track perpen-
:ﬂ dicularly and passing hear the fairst CPA. Once
g again, the CPa of tuis rum is recorded.
1}
v, , _ .
o 4. The above maneuver 1s repeated until at least touar
::g such CPA's have been obtainel, e¢ach time attempting
) , , .
o to pass through the previoaus CpA perpendicular to tae
3; track.
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CPA

] 1 ) —1
10 20 30 49

Time (S5ec)—>

» ¥

e

Pigure 4.3 Sample of Depth’'Determination.

5. 1The depth of the transponder 1is determlne@ by rplot-
tingy the slant ranges versus tiame Ifor each of the
Zour CPA runs. The minoimum point of tals curve is
considered as the mininum slact raange for that
particular trapsponder (Figure 4.3).
The R/V ACAJIA rap saauilar cloverleaf patterns on 21 May
1985. 5She crossed near each transpornder nany tizes as
closely as possivle. The mirimum distances and corrected

depths are listed ic 7Table IV .

38




Ca B aco s g o a n-m a4 acas Al ach aue mes

.

TABLE IV
Transponder Depth by Cloverleaf Maneuver

[ P . |

(From Oceano [ 1985, p.12])
Corrected [
Transponder Derth
(m)
1366.9
1331.3
1381.5
1406.7

L S

| S S

C. BASELINE CROSSING METHODS

Baseline length can be determined utilizing tane baseline
crossing method described by Haehnle (1967) and Hart (1967),
which involves repeatedly transiting the baseline while
simultaneously measuriny ranges to two transponders. The
pinimum sum of the two horizontal ranges as determined from
medasured slant ranges and known transposnder depths is takea
to be the baseline length.

The basic baseline crossing method reguires a kaowlelge

of:

1. The ship's course and speed,

2. The accoustic slant range (or the two-way travel
Mi times from thke ship to two adjoining ocean-
ti: bottom transponders, and
P 3. The harmonic mean sound velocity.
1
L)
.
N
o
L. 39
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The ship, travelling at a constant speed and heading,
crosses the lines joining the transponders as showan in
Figure 4.4. The acoustic slant ranges are recorded as func-
tions of time during the crossings. The sum of two hori-
zontal ranges (the distance T1-T2 in Figure 4.4) is minimum
when the ship is in the vertical plane containing the two
transponders. Similarly, for a four-transponder array, the
distances T1-T2, 2-T3, T3-T4, T1-T4, T1-T3 and T2-TH are
determined. The minimum sums can be obtained by least-
squares fitting the horizontal racges against time and
obtaining the vertex of the parabola as shown in Figure 4.5.
During the experiment four to six crossings were made rfor
each baseline between transponders. The resul}s are
discussed below in Sections 1 and 2.

Alt hough the baseline crossing method is relatively
simple with respect to data reduction, it is operationally
tise consuming. During the experiment it took one nour and
tnirty minutes for each baseline crossing. Thus the eight
crossings (4 for north-south crossing, 4 for east-west
crossing) took a total of 12 hourse.

1. Basic Baseline Crossing Model

Figure 4.4 shows a ship track crossing a baseline.
The ship's transducer was set to interrogate the bottoa
acoustic transponders every 10 seconds for this experiment.
Ranges were obtained from each transponder. It is easily
seen (figure 4.4) that, as the ship approaches the paseline
T1T2, the total horzontal range at the first ship point (0)
is greater than at the second ship point (1), and so oun,
until a minimum sum is reached at the instant of baseline
crossiang; from there on the total increases for each point
on the track. 3ince the ship maintains a constant course
and speed, the mathematical function which describes tais

relationship is a parabola (Figure 4.5) of the form (Hart,
1967) 2
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A baseline Crossing Tinme. :

BR=24AT2 + BT + C (4.1)

wnere

A, B, T are constants to be determined,

T 1s time [ s], and
Ty R is total horizontal range between transponders
el {a].

.1 To deteraine the unknown variables A, B and C in
Ejuation (4.1) a least squares adjustment is performed. At
least four sets of data R = R{1) are needed to solve
Equation (4.1). Since observed parameters coantain randonm
ercor, Equation (4.1) can be rewritten as:
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where

o b m e o e bl s s Ak Laie ol dafo e dihe Ao e Afe r A as aLk ects ML AcBas Ak dad BJr diat Bak SAad dlep e el parodd- ot i ali- and-ahh-aha ati g g g

AT2 + BT+ C=1R+ 1Y (4.2)

V is the residual of the observation.

In matrix notation this corresponds to:

\

(V.
Va

LVt

T () (R
“Tzz, 'TZ, -1 A Rz

* 118l T |- (4.3)
DG LR

wihich may be written as:

wihere

v + T X =R 4.4
nxl nx3 3xi nx| ¢ )

VL are thLe residuals of the observations,

T”. are the numerical coefficients of the

unknown variable,

%j are the unknown variables (A, B, C), and

RL are constant terms of total horizontal range.

The standard deviation or the mean of sound velocity

is t0.3 m/s (4Wilson, 1960). So, the standard deviation of

the distance is the following, where time is assumed error-

less :

G =0 T (4.5)

(8

Each observation is considered to be independent ind

uncorrelated., Since a measurement of high precision has a

small variance, and one of low precision has a large vari-

ance, the higher the weight the higher is the precision and

vice versa. Accordingly, the weight W of a single obsera-

43




Y% Bam sl L el 2t Al A6 A Ao a a0 o " " :
!
AN
i~
'v
¥
La
g
hat tion is defined as a quantity that is inversely proportional
:t; to the variances of the observations (d2) (Mikhail, 1981,
()
N pP.66).
e
"} = (502 /7 62 (4.6)
[l
R,
v where Qf = variance of unit weight
oy
*k For the adjustment of Equation (4.4), the least squares
vﬁ criterion requires minimization of the weighted furction G
: (Mikhail, 1981, pp.69-73):
3 n
;, G = W, V2 +W, V2 + eee +§ V2 =L=£ L V2 - (4.7)
e
‘.",'o.
: which in matrix form is written as
f:-: t
§ G=V AV (4.8)
3
' where
N V\/, o . O
5 o W,
By w =
7,
.}.. - . .
f) . 0y .« . WY‘- nxm
e Now Eguation (4.4) can be rearranged as:
N
oy
)
o V=R-TX" (4.9)
oy

-

(79}
]

Substituting for V into Equation (4.8), get

(R-TX)tW(R-TX) = (Rt-xtTt)W(R-TX) (4. 19)

.V
:3; so,
=\
L +
3 5 = B wR-x 7 wa-ateTxsx Tt HTx (4. 11)
P
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:$M Since G is a scalar, the right hand side of Equation (4. 10)
:{ﬁ is also a scalar. Furthermore, the transpose of a scalar is
L equal to the scalar:
XtTtWR = (XthWR) = RtWTX (4. 12)
and
t
¥ =W (4.13)
" Thus, Equation (4.10) can be written as:
e
;f-i: ¢ = efur - 285wrx + xF(rtum x ] (4. 14)
gy
"

] : . ;
T In Equation (4.14) all matrices are constants, except X, the
iﬁk matrix of unknowns. For G to pe a minimum, its partial
N derivative with respect to X must be equal to zero:

.“}.. 
& t t, t -

e ——= -2R"WT + T WT) = 4.

m‘{w‘v X R-WT + 2X ) 0 (4. 15)
3 and,

'l'. ']

? ("twr)x =t 4 R (4.16)

o BELICR S S I PYRE T SR F P Y '

1504
- ; giving the solution for X:
X = ('It WT )-1 Tt W R (4. 17)

2
‘f@ Now, the minimum distance occurs when dR/4dT = 0
.: which is given below:

R
,' T= -8B/ 2A (4.18)
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) Thus, to get the minimum distance of the sum, one ma

el Yy
f‘; substitute the time from Equdtion (4.18) into Equation
o (4.1):
i

%}; R (min.) = B2/4A - B2/2A + C (4.19)
S

;‘w wnere A, B, C are given by Equation (4.17).

053

1Y
f§§ The variances of A, B and C (Mikhail, 1981, p258)
e are:

UMY,

4z = 4z (1twm -1 20
el & = G ( ) (4« 20)
N

[} ‘{ "

.

'%5 The standara deviation of T in Equation (4.18) is:

gl

j{.__j 0. = [(C, B/2a2)2 ¢ (dy/2h)2)1/2 (4.21)
20

oy The standard deviation of the minimum distance R in Egquation
. (4. 19) is:

T4

P\

r:-.'t_.

hid =[ (T2 2 5 y2+(2 2d21172 ‘
3 d, = (T ca) +(16,) +dc + (2AT+B) dT] (4. 22)
!|
3%
s %
x’L 2. Data Processing

l'} _Jl
(-~ puring the experiment at sea, both northk-soutn anl
%xj east-west baseline crossings were run (figures 4.6 and 4.7)
3;? using data collected by Oceano Instruments (1985a).
]
i“ For each baseline crossing, 11 consecutive interrogation
..: points were fit to a parabola by least sguares. The reason
fh )

;ER for using 11 points is that this number is sufficient to
i define the parabola near its minirun. The micimum value of the
h . . . .

\‘g parabtcla can be considered to define the baseliine length.
o The parabolas shown in the Fiqures 4.8, 4.9, 4.10, 4.11,
ML
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Figure 4.6 North-South Baseline Crossinge.

e »
'((‘.."1 Pl

.12 and 4.13 (at the end of this section) are ror singie
crossings between 11-712, T2-T3, T3-T4, T1-T4, T1-T3 and
TZ2-T4. The results are tabulated in detail in Table V, which

-
o

1%

l%ﬁ gives the baseline lengths and their standard jeviations zfor
- .
33 eack crossing. To get the mean of these lengths, oae can
£ use the following equation:
o
5
)- -

T

Kp = (E1+K2+ eee +EKD) / n = f(K) (4.23)

ClaCiosain
A A Ay

-
. quL_/ et

Since the standard deviation of the mean length & in
Equation (4.23) is:

TR

i

S

4

Sn =[ (1 3F/3R1)2¢ (82 3f/3R2) 2+ eee ]17/2 (4.24)

Q)

AR

we have
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'.}: = ~ g 2717 55

AN d, = (Ci/n)2+(J2/n) 2+eee+ (Gn/n)2]1/2 (4. 25)

J Squations 4. 23 and 4.25 are used with the data of

‘Y

ﬁ% Iable V to compute the mean of baseline leagths and their

o standard deviations (Table VI).

o lyman Burke of Oc=2ano Instruments and L. Spielvogel

N2 oL Seaco, Inc., have also computed the baseline lengtas.

,tﬁ They use a different method and technijue using most of the

A0

;:& data collected during the experiment. Their results and the

‘:; differences between them are tabulated in Table VII- Due to

e our more limited data set and uncertiinty in the depth tfor

S

Wi the baseline crossing method, these results differ froa

o

:il tuose obtained with the crossing method by about 2 n.

ey

s
‘s
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r
e 4 TABLE V
e ! Baseline Lengths Determined by Baseline Crossings (m)
3 [ - R |
b 3 4 Crossing | T -T2 | T2 - T3 | T3- T4
» [ e
Mg
"f f 1. | 1793.32122.43 | 1993.09+0.581 | 1972.39+2.50
”:j I‘ 2. | 1792.02+2.17 | 1991.92+2.73 | 1969.50+2.02
v { 3. | 1793.07+2.27 | 1992.75+2.38 | 1970.29+2.19 :
- i 4. | 1791.77+2.22 | 1994.33£2.09 | 1969.97+2.23 !
e | oo T ITemmTommm oo SR
:‘.}‘ { Crossing | TY - Tu | T1 - 73 | T2 - T4
3 b
®
i ' 1. | 1860.81+3.25 | 2789.62£2.20 | 2588.66+2.03 !
e f 2. | 1858.43£1.81 | 2789.77+1.62 | 2589.70+1.94
) f 3. | 1858.6342.23 ( 2789.45+2.11 | 2587.88+1.14
" f 4. | 1858.48£2.08 | 2789.73+1.63 | 2588.17+2.21
- { 5. | 1858.65+2.04 | 2790.22+2.26 | 2589.22+2.2¢0
o | 6. | | | 2588.82+2.20
1 ‘
N
2
gj 3. Modified Baseline Crossing Mdethod
A
" Mourad and Fubara (1572) developed this method.
F' Their method determines the relative positions of ocean-
.x::;x;: bottom transpooders and the depth of each trarsponder.
‘:C::'g There is no necessity to accurately measure each depth
’.‘~.. directly; this is the main difference rfrom the previous
3 wortk. The physical principle of tais method is shown in
-2 Figure 4.14 S is the baseline length and L1 and L2 are a
i‘_ pair crf coplanar ranges from the ship to transponders 1 and
“) 2 wvhose depths are Z1 and Z2, respectively. The mathmatical
_\. expression for this configuration is:
::::::"
e )\
;*(\- lt9
S
e
T
e
g S G e L L T L R T L S R 1
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TABLE VI 1
The Mean of The Baseline Lengths
| Mean Value | Standard Deviation
i (m) | (mn)
T1 - T2 i 1792. 84 § 1. 14
T2 - T3 | 1992. 42 { 0.93 |
T3 - T4 { 1970. 54 | 1.12
T1 - T4 l 1859. 00 | 1.04 }
T1 - T3 | 2789.76 | 0.389 1
T2 - T4 [ 2588. 74 ! 0.82 ;
! ]
S = (112 - 212 J)1/2 ¢ ( L22 - Z22 )1/2 (4+ 20)

To determine the three unknowas S, Z1 and Z2 by
least squares method, at least 4 pairs of L1 and L2 are
needed. Now, Equation (4.26) can be rewritten as follows:

-~

o F = S={ L12 = 212 )1/2 - ( L22 - z22 )1/2 (4.27)
o

';_\

o Assume

= A1 = (L12 - 212 )j1/2 (4. 28)
ﬂf

@

'$: A2 = ( L22 - z22 )1/2 (4.29)
o

Equation (4.27) is iinearized and partially difterentiated:

ALY
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TABLE VII
Baseline Length Deteramination by Oceano
‘ Instruments and L. Spielvogel
i Distance (m) |
Lines |- -— e, ———— | Difference

| Oceano l Spielvogel | {m)
-T2 | 1792.68 | 1791.7 | 0.98
- T3 { 1997.46 { -1995.9 | 1.56
- T4 | 1973.92 { 1972.6 { - 1.32
- T1 | 186 1.86 { 1860.5 [ 1.36
- T3 | 2792.69 [ 27%0.8 | 1.89
- T4 | 2592.18 ! 2590. 3 | 1.88
-A1—-111 {4.30)
1 (4. 32)
Al (4.33)
A2-142 (4. 34)

51




« o Le
AT
O BN | .
a ..) .. -" -‘r-

*
o

57 )

S

R
L
o

B »
L

T%lﬁ

%7

4

.-l
by

" ‘l“\

I )
Pl
A4,

——

pm

TOTAL HORIZONTAL DISTANCE IN METERS

1797

1795 1796

1794
i

1788 17789 1790 1791 1792 193
PO PO S NS W S S

17

785 1786
N D DN

T1-T2 BASELINE CROSSING

-«

2- o

™ 1

2

- T T T T T T
0 10 20 30 40 50 60 70 80 90 100 10 ©o

TIME IN SECONDS

-

-‘IA 1;(;_ ._{A.f;.(cu. X .n...-

Pigure 4.8

.

. .
]
uL‘L-P-L"Jf‘h A aontming do b

The Best

52

S ate
- - ..
B Pl

Pit of Parabola for TI1-T2 Crossinge.




i - Y - o Rar fash ol Ml el gl Sadh Sal e ghadh 2o Shadt - f '-- LY -"-"-"-.-!"..;l‘_'“!"ii\‘."\'\ - 3
i

— e e e d

T2-T3 BASELINE CROSSING

\.‘\‘.‘\ Pialt
AN
O G B g, v g S S0

1994

19914

TOTAL HORIZONTAL DISTANCE IN METERS

e
) Ly °o
N { 2

T T T T

. 0 m 20 30 40 5 60 70 8 S0 100 10 RO
PSS TIME IN SECONDS

N Figure 4.9 The Best Pit of Parabola for T2-73 Crossing.

o 53




- o g oY M i oo TV T R T T Y TR T TR TR Rl

T3-T4 BASELINE CROSSING

1974
—

1972
'

1966 1968 1970
R NN 1

b

ISfA

TOTAL HORIZONTAL DISTANCE IN METERS

1960

——r———r—r—r——r—r— Ty —r—r———
0 19 20 30 40 50 60 70 B8O 90 100 110 =0

TIME IN SECONDS

Pigure 4.10 The Best FPit of Parabola for T3-T4 Crossing.

54




- Liba ooy hanbd i Ah i i aai el Aat el llilaliy -w--n-w

q-
7"\‘:
a"-’
‘:\3
o)
i
b
ugl T1-T4 BASELINE CROSSING
"N
_‘-1
3
&.\:
- L
8 [ 1 o
o
Pals )
..‘..: ™
B a7
' 9
. b -—
A 2 .
;. g - d
G 4
: z &-
§ 1
o g
% g]y\
C) an..*
.JQJ
= 8
‘-:.' é 4
\-{_" Eﬁ"-
S ge
M ]
2 S ]
R Wy 1 = M-J
-“';:'u 3 (o] o
vn.:‘: '-4
N i ]
.'\‘. 4
. ‘ g—
9 ‘ ‘ °
i3 2: °
.:'; —-‘v,'rf,.r—-fv?—-rvlﬁﬁ'r'rfrf’l
o 0 10 20 30 40 50 60 70 80 30 100 110 RO
vy TIME IN SECONDS
0
-
Sy Figure 4.11 The Best Fit of Parabola for T1-T8& Crossinge
‘E
20 55
e
'
o
N
)
e

0l Y SO AN SNSRI RS DR SRR Nt Ny
..'0"'!'.'!-:‘ .'r- i.‘l '..' ‘., N% ¥ .‘ .' $ &' u. ‘. , B LY, i VY Al { \ b Ld .



o

’ g,
-

S
L

e T e
fa e —

.
-

r
ez

'y
.

-

L e
> Sl

g
.
'

o]

"rf:

or

o
e al

g

(3
4

e

D a5,
AL ARA

A A A Ay
“J AR RN R
[N N 1 pusu R

a

y &4

GO
i

3
T,

(2 W)

T T T IN T U e vy rom AL B Aoy aalk dad Sk Baid Ak ok Sak Aah Aok Mos

TR URLTOTw Uw W

TOTAL HORIZONTAL DISTANCE IN METERS

2782278) 27184 2785 2786 2187

2192 2193 2194 2195 2796 2197

i

B8 2789 27:30 2791

.,
i

2

. |

P B 1

i

|

"

1 A

e

1o 1 o 1

| S

— . |

1

A

T1-T3 BASELINE CRCSSING

Q

. ———— —————
20 30 40 SO 60 70 80 S0 100 110 R0
TIME IN SECONDS

L Ll

Pigure 4.12

‘-{'-.J.‘P
N0

T

P bt

D, 'y'"A T T S I AW e PR Y "’_F".{"-.'-'_.‘.li.' -t i
'“ASJ:‘!.AJ,',q.l, ‘- ."-' .‘ " Y .\ n' ‘" *r 3

The Best Fit of Parabola for T1-T3 Crossing.

56

LTS P T Y Rl R Yt Ry

.h‘

L
L} Woa

COhl gl L Ll

RSP et
AR i




ap . -\.-"
x>

- t v
- 3 gt

UL

« r.J',-'J“.
‘.‘l A“"lrl

o G s o B
PR A

7

~
)

S TAHCE N MLTTLIRS
20m Znag

zonial DI

/

TOIAL HORI

2593 2094 2595 2096

2592

V.QL_NL_VL._A__.L_..\.__ j S

|

ot

—

)

»
A_~‘

pl
P

Bo

“a
P

2085

2184

-

Al
SNSRIy WY U IO DU NSy W WD S VY SN RSN SO S

xez2tel
o- r——l..——l_

O

1

~
-

Figare 4.13

ST P T A e e L TR i A B
VAP &.'4. A ~. \5»,’;-, ".'.. AR EN - =

Best Fit of Parabola for T2-T4 Crossing.




- T T— w L a4 A aid e aad-akia an o y———y T rvwvr-v'v"."'?"“'"‘

- S s
Z]
A L2 22
.//‘
3 .
| 1 i
|
T2 i
|

Figure 4. 14 Baseline Crossing Configuration.

Tae resultant observation equation for a leasr-sgquares sola-

tion is (dourad , 1972, p.21):
AAD + BV +W=20 (4 35)

which can be written as:

\ N\ - - N \ 0 N
(7 ar'z a'zd[ ) [AL,-AZz 0 1Y W{. (
Clas| | o . o -aiuy |4 |W2| | ©
. + . . . . + =
2 sam ] (. 35)
&ﬁ 872 . . ] .
§"§ k. . ' JK J \ - . . -J\' \W'J \O)

q:.

Thus, the ieast-squares solution (Mourad, 1972, p.21) Jives:

3

-
A 1 .a
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[y

o
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& =—[ B +a% (Be-18%) 121 1a% (BE-18%) - 1w (4. 37)

v =-p-18% (32-18%) -1 (a4 ) (4.38)
The variance of unit weight d is:
d, = ( (se-18%)-1 (aasw) 1fusany 12 (4. 39)

The variance-covariance natrix for the adjusted parameters X,

q, (2, +A* (Bp-18%)-1a31 (4. 40)
The adjusted parameters X, is:

Xo = X, + & (4. 41)

A is a coefficient matrix for ths unknowns correction,
B is a coefficient matrix for the observation,
v is a vector of residuals, representing the
corrections to observed ranges, L1 and L2,
A is the correction to assumed X,,
W 1is a constant matrix in Equation (4.27), when
using assumed value X, (S, L1,,L2;),
P, is the weignt matrix of L.,
Py is the weighting fuaction associated witn X ,
6, is tne variance of unit weight
Xo. is true value of S, 21 and Z2, and

o 1S an approximate value of Xg.

The weight matrices are taken to be unity as the
measurezents were of equal precision. Taple VIII shows the
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%; resulting horizontal distances between transponders and the

) depths of each transponder. These results are obtained by

measuring pairs of slant ranges at the instant the ship

\ crosses the baseline. Since the ship crossed the baseline

four times for the baseline crossing method, there are only

4 four pairs of slant ranges which can te used; these repre-
sent the smallest data sets needed for a least squares solu-

- tion.

ot The baseline lengths computed by Oceano Instruments

and Dr. Spielvogel are given in Table IX The difference

o between Oceano's and Spielvogel's computed values are wituin
38

3 the precision of the system. My results in Table VIII

X differ from TablelX, since Oceano and Spielvogel used much

larger data sets (more than 250 data points), whereas I used

S
$ the much samaller sets (11 points for each of four crossings)
fg required by the two baseline crossing methods, namely eleven
aﬁ data points for each of four crossings. Since Oceano and

A Spielvogel used a resection method with four transponders,
) it is not necessary for tahe ship to travel the baseline

ﬁ repeatediy: The only requirement is that the ship be in the
f vicinity of the center of the experimental area, where data
i) can be collected continuously. On the contrary, tke

{; crossing methods require a large amount of ship time to
L) . .

f_ collect a small amount of data. Thus, it is not surprising
)

:3 that there should be good agreement between Oceano and
:5 Spielvogel and rather poorer agreemeat between my results

. anad theirs.
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& TABLE VIII

;i?: Results of Bodified Baseline Crossing Method

)

S — S—

‘ [ Trans- Horizontal | Traansponder Mean

f;, ponder Distance Between | Number Deptks (m)

:'i:: Pairs Transponders (m) |

:: : e e S

:3; [ 1-2 1782.91+9.51 { 1 1361. 52+4.53
2-3 1993.02+6 .30 | 2 1333.94+2.54

D I 3-4 1964.34+8.32 { 3 1375.76+5.21

o 1-4 1836.65£9. 21 ‘ 4 1407. 08+3.47

't 1-3 2815.47+15.60 {

v | 2-4 2574.13¢7.55 | .
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TABLE IX
Comparison of Results for Different Methods
I Basic Modified
‘ Lipes Oceano Spielvogel Baseline ‘Baseline
Crossing Crossing
T1-T2 1792.68 1791.7 1792.84+1. 14 1782.91+£9.51
T2-T3 1S997.46 1995.9 1992.42+0.93 1993.02+6.30
I3-T4 1973.92 1972.6 1970.54+1.12 1964.3428.32
T4-T1 1861.86 1860.5 1859.00+£1.04 1836.65+9.21
T1-T3 2792.69 2790.8 2789.76+0.89 2815.47+15.6 !
T2-T4 2592.18 2590.3 2588.74+0.82 2574.13+£7.55
’ |
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V. CONCLUSIONS AND RECOMMENDATIONS

Two methods were used to determine the horizontal
distances between the elements of an array of four acoustic
transponders lying on the ocean bottom at an average depth
of 1370 meters, namely basic and modified baseline crossing
methods. The principal differance between the two tech-
niques is that the former requires precise depth informa-
tion, whereas the latter does not. A "cloverleaf" maneuver
was described which may be used to determine the depths of
the transponders. Because a larger number of gcoustic range
observations was used for the basic method, the standard
deviations for the horizontel distances between trarsponders
using that techniaue were about one-tenth those found using
the modified method. Our results for the basic method are
consistent with independent calculations made by Spielvogel,
who used a much Targer data set. The differences between
our results using the modified method and Spielvogel's
are within our relatively large standard deviations, with the
exception of the distance measured between transponders 1
and 3. This discrepancy is probably due to the very oblique
crossings of the 1-3 baseline which were used.

In addition to the smallness of the data sets used for
our calculatiors other sources of error in our results may
stem from the variabilityv of the ship's speed and its pitch
and roll, which we did not take into account.

If the absolute positions of the bottom transponders are
required, the position of the ship may be determined by an
absolute positioning system such as GPS while measurina
slant ranges from the ship to each transponder. When at
lTeast three or more absolute positions of the ship's
acoustic transducer are known, the transponder coordinates
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may then be adjusted by the method of least squares to
obtain a best fit between measured and calculated slant

' ranges from the known transducer positions. This method is
e introduced in the Appendix.
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ARRENDIX A

'Sﬁ ; ABSOLUTE POSITION OF OCEAN BOTTOM TRABRSPONDERS

2

)?f The absolute position of a ship can be obtained from the
ﬂ)x Global Positioning System (GPS). Here, ship position aeans
?ﬁ the position of the GPS antenna. The antenna position is a
z:% function of time. Once the absolute position of the antenna
Lﬁi is obtained, and simultaneously, the ship's speed, heading,
et pitch, roll and acoustic data, then the absolute position of
“ﬁ antenna can be used to calculate the apsolute position of

» the bcttom transponders. The procedures are:

%Q 1. To determine the absolute position of the GPS

L

antenna;
2. To convert the absolute position of antenna to the

hull-mounted transducer using the ship heading, pitca

«

Suc s Paar
i ‘-m
AR

pre

and roll data; and

VO 3. Simultaneously, to convert the ship transducer's

$§: position to the pottom transponders by using acoustic
;:'5;:‘ data.

}m A method i1s 1antroduced here to determine the absolute
ﬁl position of sea-floor transponders, if the absolute positiorn
N of surface transducer is given. Least-squares adjustments
ga' must also be supplied to Jet the best fit of the transponder
! position.

The three-dimeasional geometry used is iilustrated in
FIgure A.1. There are 4 traasponders (T1, T2, T3 and T4).

y
Fa

Their estimated coordinates are (XL,YL,Z;), the absolute

- ‘ - -
XXy ?
“5:‘.1‘.‘-’}

- position of ship-mouated transducer is S(I{J- ,‘{)- ,dj), and tue
U four slant ranges are I;.

..-’l' - [~

Ky The adjusted distances 1; between transducer and tran-
3ﬁ. sponders cau be computed given coordimates of any two

- points:

-
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L Pigure aA.1 The Relationship of Tramnsducer ( S )
e To Transponders, ( T;)..
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N
¥
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N
"{‘ 5 /
s 2, = [(U-X1)24(V-Y1)2¢(W-21)2]2/2 (A. 1)
A\SN
AL
T
b3 T . A
-k ]?‘1 = [ (U-X2)2¢(V-Y2)2+ (W-22)2]1/2 (A.2)
!
)
™ N
fw D, = [ (U-X3)2+(V-¥3)2+ (N-23)2]1/2 (A.3)
I >
A
-
) ~
N 2, = [ (U-X4) 2+ (V-Y4) 2+ (§-24) 2]2/2 (A.4)
i -
E\' which can be written simply as follows:
Va
@
7 = e =K. )24 (V. =Y. )24 (W. =Z. )21/ 2" .
D= (G =K )2 (V=X ) 24 (W, =2;) 2] (A.5)
a8
e
o wnere 1 are 1,2,3,4. 1index corresponding to
' each tranSponaer;
ny
=% j are 1,2 #ee N. transducer positions
T at the surface;
28 U,V,W are coordinate of transducer;
; X,Y¥,Z2 are coordinate of transponder; and
B‘._ are adjusted distance of slant range.
_"_ It was necessary to determine the minimum number of
X positions (N) of the hull-mounted transducer that were
needed to fix the position of four transponders in the
N taree-dimensional coordinate system. There are three
“_-_:j'._‘ uoknown variabies to be solved for each transducer position,
:f and there are four transducer positions to solve for. To
~‘~$‘ solve for tnese twelve unknown variables and apply least-
.i\ N .
P squares adjustment, tae numper of equations aust be greater
S;Z::r than cr egual to the rumber of unknown variables. Tais is
¢ given by:
3
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4N 2 12 (A.6)

where 4 is four equations for each interrogation;
N is number of interrogation; and s
12 is twelve unknown for 4 transporders coordinate.

The solution of Equation (A.6) is N23. That is, the
absolute positions in three-dimensional coordinates of all
transronders can be determined with as few as three consecu-
tive range measurements from four fixed transpoanders.

Mikhail states the two-dimensional distance condition

P
3
»

and its linearization (Mikhail, 1981, pp266-268), which can

be extented to three-dimensional coordinates. - Equation

{(4.5) can pe linearized:

,:-
X+

fi=llf+[ (fo) /11;0 Jax+{ (¥-v) /%O]Axif[ (zc-w) /ILO az; (A.7)

rTr z
A
b ledh B

'y, 3

The adjusted distance 1is then:

5‘.. =1 + v : (A.38) .

[

where 2& are observed valuesof the distance; and

»

C

v. are corresponding residuals.

s

S

Equation (A.7) then becomes:

.

X v=[ (X="1) /20 JaX=[ (Y-V) /10 JaX~[ (2-W) /20 Jaz=00-1; (3.9)
L L L L L [3 [ L L L L
N
M Letting
£, =420 - 1 (A. 10)

in matrix form Equation (A.9) becomes:
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i (W) [bubabs 0 O (a%) [,
s Vy 0 0 O babz bz o | (&Y | [¢

::::E v3 . ¢ . . . . - . Ag. - *3

" =

Bt “lt . S 5, (A. 11)
.:g‘.. R . . . .
!':.O' . . . . . . X .
..‘, Lo ) k . . : : . . :J \AZ“-J L' J
’}5 ’ which may be concisely written as:
0

b

N v + B ax = £ A. 12
\ 4NX ) 4NX12 /2%X1 4N X ( )
:‘.‘\

AL

e where

A‘b‘ . . .

?@ V is residual of the observation;

A B is numerical coefficient of the unknown

42 variabkle correction ;
ot .
'QG A X is unknown variable correction ; and

:;i f is pumerical constant term .
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The weight matrix can be derived from the standard devi-

ation of the slant range,

which discussed in the previous

Cnapter. The least squares solution of Equation (A.12) is
(Mikhail, 1981, p259):
N = BtWB (A.13)
t = B WE (A- 14)
AX = N—-1 ¢t (A.15)
”~
X = X, tAx {(A. 16)
v =t - Bax {(A. 17)
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2 6, =[Gz (B u-1 B") ]1/2 (2. 18)
oyl
\.\ﬁ: .
oo 2 = vt W 3. 19
#:.# s ¥ v/t (2.19)
A
15 A
)
2 '|
l:: s
R
A'.l.q!.
where
e N is coefficient matrix of the normal equations,
' N
é&\ W is weigkt matrix,
5,% t is vector of 'constants' in the normal equations,
Al . .
" AX is vector of parameter correctiouns,
@;4 Xoi5 vector of approximate value,
Qi@ X is vector of adjusted value,
Iy b is standard deviation of adjusted distance, »J
a . A
) 62 is estimate of the reference variance,

j&_ r is number of statical degrees of freeion, . .
qé%@ N is number of given transducer position, and
ﬁ&% 3 is number of observations necessary to specify
- uniguely the model that underlies the adjustament
gt
4" . .
3§i{ problen
hieY . .
'}ﬁ Since during linearization we neglect all second and
ot higher order terms, we must ensure that X is not signifi-
rgf cantly in error because of this approzimation.
b ! Consequently, we must iterate the solution by usircg X as a
g‘h new approximation and compute anotaer correction. This
) . . . e e
%f’ procedure is repeated until the correction 1is insignificant.
R The final result is:
:2?%
I \ PR o D
:‘!" Xo = X, +ax = X, (2. 21) .
[
sy where
. \

}
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! n is total iteration,

¥

ﬁ% £ is adjusted value at n iteration,

i n
131
’ Ax, is correction at n iteration can be neglected compare

. with previous correction or within tolerance
correction, and
Xa'is true value of each variakle.

Since errors in transducer's position exist, it now
must be established how this error affects the accuracy of

transponder positions. This is discussed below:

,l

K

Tet Let the standard deviaticns of transducer coordinates be
?u tdL, idv' :qw. Recall Equation (A.5):

X '
‘ﬁﬁ ﬂL = [ (U =X; )2+ (V =Y, )2+(W -2;)2]2/2 (2.22)
0

O The unknown coordinates X,Y,Z , are:
R
.‘-\. .

iﬁ Xp= 0 - [B2-(v-y;) 2-(4-2;) 2]1/2 (a.23) r
i X, =V - [ﬂg-(w-zi)Z-(u-xL)ZJx/Z (A< 24)
e 2;= W - [92-(U-X,) 2-(V-Y, ) 2]1/2 (1. 25)
S, t 8 [ %

2

/ Now assune

E&
.*i F1 = [22-(V-Y;) 2-(W-2,) 2]1/2 (A. 26)
oo v L [N

) F2 = [B2-(W-Z.) 2=(U-X.) 2]1/2 (2.27)
A5\ [ L L

395

v,
;ia F3 = [B2-(U-X,)2-(V-Y,)2]1/2 (2. 28)
..LA [ L (3

L

o So, the variances of Equations (A.23), (A.24%) and (A.25) are
- (Mikhail, 1981, p.181):
N

= Qf =Qf-(Y£/F1)2qff(V—YL/F1)24f+(W-ZL/F1)2q5 (A. 29)
53 71
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dz =d2-(8; /r2) 242+ (#-2; /F2) 242+ (U-X; /F2) 242 (a. 30)

612 =dw2-(9;/r3)2c12+ (u-xi/n)adj*(v-yi /F3)2C§‘2 (2.31)

and the position accuracy is:

= 2 +02 +02 172
d, t (62 +62 +d2 ) (A 32)
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