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Abstract

Two tests were carried out for the calibration of underwater acoustic transponders
using Kalman filter. Both tests used the Long Baseline Acoustic Positioning
method. The first test is known as the relative calibration test and uses observables
only from underwater acoustic transponders. This test is for the adjustment of the
shape and scale of the transponder array. It requires at least three coordinates to be
fixed. The second test, known as the absolute calibration test, involves the
observables from four systems (i.e. DGPS, underwater acoustic system, range-range
system and hyperbolic system) integrated together to give geodetic position and
orientation to the transponder array. The results of both tests are presented.

1.0 INTRODUCTION
Long Baseline Acoustic Positioning System provides local control and high position repeatability

independent of water depth for the surface or sub-surface vessel, particularly when the site is out of
the range of a suitable surface positioning systems. In this technique, the position of the survey vessel
is related to the transponder array on the seabed. Hence, the only practical method of accurately
determining the surface and sub-surface positions beyond the line of sight is with referenced to an
array of bottom moored acoustic transponder. During operation each transponder in interrogated from
the navigating vehicle. The resulting range measurement, to each of the transponders are processed
to determine the position of the vehicle relative to the transponder array. However, navigation of
surface and sub-surface vessels in a transponder array depends on a prior precise determination of
the transponder coordinates (i.e. calibration).

There are several methods commonly employed. Early methods were based on clover-leaf and baseline
crossings techniques. These methods require large amounts of ship time and critical ship path. Later
methods have been developed based on range data from a number of random ship positions which
acoustic markers are then positions from an interative least squares fitting procedure. The method
employed in this paper is based on Kalman filter.

2.0 KALMAN FILTERING
The theory of mathematical filters has mainly been developed by statisticians and electrical engineers.

The description of the filter type most commonly used presently for scientific and engineering
applications is by Kalman (1960). The filter which is now call the Kalman filter can be described as
a computation techniques that enables real-time estimation of quantities of interest such as satellite's
or ship's position. The filter may be applied to any situation where the desired parameters vary with
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time. It is used to estimate the various states of a random process from a set of discrete measurements
having a known linear connection to these states.

Kalman filter provides a set of algorithms for the estimation of the state vector (i.e. unknown
parameters} at any point in time. Its filtering process follows a recursive sequence of mathematical
models which remember past data, receive present data and calculate the best estimates of present and
probable future positions, based upon the combination of past and present information. It produces
optimal estimates of the state vector with well defined statistical propetties. The estimates of the state
vector are unbiased and have minimum variance, so long as observations and model are normally

distributed.

2.1 State Vector
The state vector is a vector of desired parameters. It must include not only those parameters which

we wish to estimate but also other parameters necessary to model the dynamic behaviour of the
vessel. The elements of this vector might be position, velocity and acceleration.

2.2 Mathematical Models
Filtering makes use of information available from two sources i.e observations and some prediction

on how the vessel is expected to move.

This leads to the use of two functional models :
i} Measurement model
ii) Dynamic model

+ Measurement Model ) .
Let us assume that at time i we make some measurements |, which are related to the state vector by

the functional relationship:

Fi(x) =l_i

(1)

If the relationships between measurements and state vectors are non-linear, then the relationships have
to be linearised for use in the Kalman filter. The linearised functional model for observations at time

i is given by:

Aix,. = bi + v,

()

where A, ... is the Jacobian matrix or simply 8F / &x
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b

v

... Is the ‘observed minus computed” quantities
.. is the vector of residuals

]

* Dynamic Model o
This model is based on some knowledge on how the state vector is expected to vary with time. In its

most general form, the functional relationship of the dynamic model may be represented as:

F_\; (x, -%;58,,8)=0

where

X,y 18 the true state vector at time t

fx’ ... is the true state vector at time t,
The linearised dynamic model relating the state vector at times i-1 and and / is given by :
X =My; x, +y .4

where M . is the transition matrix or dynamic matrix describing,
approximately, how the state vector changes from
time 4-7 to i

v is the vector of unknown true errors in the model

and are assumed to be randomly distributed about a
Zero mean

For most practical problems, it is convenient to consider the noise vector y as being given by:

y =Tg . (3

where 4 is the vector of the quantities which cause the model
to be in error with covariance C, ie. g~ (0G)

T is the coefficient matrix which describes how g
propagates into the state vector,

Thus, equation (4) becomes :

x. =M ,.x +Tg

i =17 -1

. (6)

The vector g is nat actually known but its covariance, C,, can be estimated. As a result, the covariance
matrix of i can be computed using Gauss’s propagation of error law :
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- T
C, =TCT
- {7)

2.3 Kalman Filter Algorithms
The derivation of the Kalman filter from standard least squares requirement is found in Cross (1987).

The Kalman filter consists of the following parts :

i) Time update equations (Prediction)
ii) Measurement update equations (Filtering)
iii) Smoothing equations (Smoothing)

* Time Update Process )
The time update is the prediction of the state vector and its covariance (error). The prediction equation

of the state vector can be derived directly from the dynamic model of (4). However, since the vector
y is not actually known, we make an assumption that it is zero. Thus, the prediction equation of the
state vector is given by :

X (5) =M xi, (+)
- (8)
where the symbols - (i.e. bar) denotes an estimated quantity, and the symbols (-} and (+) following a
vector denote the value of that vector at the instant in time before and after a measurement update.
The transition matrix, M ;, ;, allows calculation of the state vector at some time i, given complete
knowledge of the state vector at i-1, in the absence of the dynamic model noise, y. Thus, equation {8)

gives the state vector at time 7 predicted using information up to time i-1.

The predicted covariance matrix of the state vector can be obtained from :

T
C()=M_,,C (DM, +C,

where C, .. is the covariance matrix of dynamic model errors.

This prediction might be made to some time at which the state is required to be known but at which
time there are no measurements. In this case, the same equations (i.c (8) and (9)) may be used again
ad again to compute the predicted state at any number of epochs until another set of measurements
is available.
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* Measurement Update Process . )
The measurement update is the improvement of the prediction (both the state vector and its

covariance) which gives the filtered state estimates. The filtered algorithms are given by the following

equations:
T =) +G, (b, - AF,(-)
... (10)
G =0-64)C(-)

DY)

where

G,= Ce (D4, (4,C; (4, + )

e (12)

G is the so-called Kalman gain matrix. The gain matrix performs the role of combining the dynamic
model and the observations. It controls the amount by which a particular set of observations affects

the predicted state vector.

The updated state vector is obtained after the difference between the actual and predicted
measurements has been computed, ie b, -4, x,(-). Equation (10) gives the best estimator of the state
at time 7 using both x (-) and b,

* Smoothing Process
Smoothing process is carried out after the measurements have been completed. It is a requirement that

the predicted and updated state vectors and their corresponding covariance have been stored.

2.4 Non-Linear Measurement Model o
The measurement update equation listed in (10) is used to solved problems with linear observations

equations. However, for offshore positioning most measurement lead to non-linear equations.

As mentioned in the ‘measurement model” section if the problems involved non-linear functional
model, they have to be linearised as in (2) for used in the Kalman filter.

The design matrix, A; and the gain matrix, (; are computed based on the predicted state vector,
X :'( =). Thus the filtered estimate of the state vector is given by :
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x,(+) =x,(-) + G,(I, - comp(x,(-)))

. (13)
where
comp (x,(-)) is the vector of observation computed using the predicted
state vector at time
1 is the vector of observation at time i.

1

2.5 Summary of the Kalman Filter Algorithms
A summary of the algorithms used for the linear dynamic model and non-linear measurement model

is given below. Here, the estimate X, ( +)given in (13) can be improved by repeatedly calculating
X, (+) G, and C_ (+)and each time hneamsmg about the most recent estimate. As many iterations
can be performed as are necessary to reach the point where there is no significant change in
consecutive iterates. However, it should be recognised that each iteration contributes to the
computation time required to mechanise the filter.

A detailed explaination about the algorithms can be found in Mahmud (1991).
1) Initialise x_, (+) =X, . (14)

and C; (1) =C, ... (15)

i.e an a prior estimate of the state vector and its covariance is assumed to be known.

2) Increment i, =i+l
3 x (=M x5, () .. (18)
H G =M, (WM, +C, )
5) Start iteration

G, = Co (M, (A4,C: ()4, ++W, )

- (18)

&) x(¥)=x,-)+G,({, - comp (X(-)) o)
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D C()=U-GA)C: () E
8) Return to step 5 (i.e. until a certain stopping criterion is met)

% ()= F(+) .

and

Cf'_(—):= ij(+) coe(22)
9) Return to step 2.

3.0 DATA SIMULATOR
The tests carried out in this paper involved simulated data. Hence it is possible to monitor accurately

the performance of the Kalman filter because the true positions of the ship are known. Figure 1 shows
the simulated ship's path and the six transponders station. The true coordinates of the six
transponders are shown in Table 1. Errors of + 100 metres were introduced to all the transponders
coordinates except those chosen as fixed coordinates in the relative calibration test.

1]
TR3
TR2
o [+]
TH4
E (FIXED)
TR1 ©
0
E {FIXED) TRS
N (FIXED) o
TAS
Slarting of ship's track

Figure 1. Simulated ship's path and transponders position
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Coordinates {metres)

Station Eastings Northings
TR1 642544.9554 6264513.4918
TR2 642585.8109 6267405.8134
TR3 644967.0925 6269116.0998
TR4 647551.9617 6267446.0043
TRS5 647185.9108 6264329.8162
TR6 644905.5715 6263209.8709

Table 1, Trute coordinates of transponders

4.0 RELATIVE CALIBRATION TEST

4.1 Observables and Provisional Coordinates of Transponders _
The provisional coordinates of the transponders are shown in Table 2. Both coordinates for station

1 and the easting coordinate of station 4 were held fixed to give scale and orientation to the array of
transponders. Note that in a real situation, the fixed coordinates may be known from previous
surveys or arbitrary values can be assigned. In this case the true simulated coordinates were used.
Hence it was expected that once all the errors had converged, the coordinates obtained would be the
true simulated coordinates. Only the observables form underwater acoustic transponders were used
in this test.

W Coordinates (metres)

Station Eastings Northings
TR1 642544.9554 (FIXED) 6264513.4918 (FIXED)
TR2 642485.8109 6267305.8134
TR3 645067.0925 6269016.00998
TR4 647551.9617 (FIXED) 62675460043
TR5 647085.9108 6264429 8162
TR6 644805.5715 6263309.8709

Table 2 . Provisional coordinates of transponders
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4.2 Relative Calibration Results
Tables 3, 4, 5 and 6 show the precision results of epoch 1, 100, 200 and 300 respectively. They show

the results of the ship's parameters, error ellipse and relative error ellipse of the transponders position
including their coordinates and standard errors. Note that the notation 'NONE' in the tables means
that no value is given due to the station coordinates being held fixed and the notation 'DIFF' is the
difference between consecutive coordinate resulis. The coordinates of the transponders shown in the
tables can be compared with the true values shown in Table 1. Figures 2, 3, 4, 5 and 6 show the
graphs of errors in coordinates against the fix number. The results showed that all the errors of the
transponders coordinates converged from + 100 metres to less than 1.1 metres after 100 epochs except
the easting coordinate for transponder 3 (i.e. less than 2.6 metres). Clearly it can be seen that all the
transponders coordinates managed to converge satisfactorily as the number of epoch increases. The
values of the standard errors for distances and the semi-major and semi-minor axes of the relative
error ellipses in Tables 5 and 6 for epoch 200 and 300 respectively, are less than 0.1 metres. These
values can be used to decide to end the calibration process in a real situation. For this particular test,
it was found that the calibration process could be terminated when the values of standard errors of
distances and the semi-major and semi-minor axes of the relative error ellipses were less than 0.1
metres since the error of the transponder coordinates had converged to a satisfactory limit.
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SHIP PARAMETERS

EPOCH ENSTING NORTHING TinE HEADING SPEED (knoty)

1 #3306.387  sdeIne. 319 e 19,38 4,095
COORDINATE OF BEACONS
np. ST, EMSYING  SI0.ER OIFF WORTHING  SIG.ER  DIFF
Lootrh EAISAM, 95 NOWE  NORE  8264513.4%2 wonE NONE
12 MY 8646 15,067 6261570.6%7 13,843 72.883
TIrd 445085897 AT 18805 6Z6SOIY.MB 20.0E2 S6.%49
4trd BATSSL %67 WONE  NDME  626TH369T7 22,620 109.07)
s sATIBLLSAT 15437 TS.E7T s2eMAd.1es 49,108 14330
b tré  AM924.820  L4.9SD 1LY AMNTLMI 4T3 3.5
APSLYTE ERRGR ELLIPSES
N, STATTON HAJDR KINOR DRIENGATOR

i tri TIXED STATION

? 2 49.901 1.5 e

3 trd 19993 1L 108.27

1 trd FIXED STATTON

5 trs %92 12,555 8.

b tre "y 1.484 15,29
RELATIVE STANDARD ERRORS
| LINE ! $10. ERROR OF ! RELATIVE ERRDR ELLIPSES !
CPRON 0 ! PISIMNGE  REARING | HMAJOR  NINOR | ORIEWTATION }

ir1 tr? 12,515 0087 #9901 1R HR

trs trd 16.01  6.003 49,993 1 108.2?

tri trd 1408 8003 22620 0.000 0.08

il irs 15,88 0001 19.926 150 169.27

tri \ré 12.801 0.018 45221 .48 15.29

tr2 by 36,98 0.0 G819 19790 92.28

tr2 trd W 0. 50,178 14.241 1518

tr2 b5 SLOAM D009 SHTE 50,534 .85

Ir2 tré 35459 0.2 b led 18234 16.97

try trd ¢.058  0,00" 50,507  4.158 149,82

try 1S 60478 g.00f §2.168  35.B62  138.88

tr3 tes 5190 0007 SLBUL mlT 15312

il trs S0W6 0.007 SLMS 1597 169,63

trd trg 9,869 0.005 51T b4l a4

trs HI FIR 9.0M E3. 048 16428 7.9

SHIP PARANETERS

EPDCH ERSTING MORTHING TInE HERDING

g 645966421 H2ETBMLETY PR 14.5 B3

COORDINATE OF BEACONS

KD, SN EASTING 570.ER DIFF KORTHIRG STb.ER
bootrk 642544958 NOHE NQHE 1284513092 NONE
T trl ed2585.713 0.10¢8  9.034 6267405, 493 0.243
Jotry 960 550 Q.21 0052 $16%115.905 0.093
& tré E3851.962 NINE NONE 267445, 30) 0.09%
§ brS  s471B6.349 0.037 0,002 4264130387 0.143
6 b 644906604 0.064 0,004 s285209. 380 0.09%

ABSOLYTE ERROR ELLIFSES

N, STATION BAJOR HiNDR ORIENTATJON

I ird FIXED STATION

1 tr? 6.107 0.05% AR

1 try 0. 0.021 06.72

i trd FIXED STAVION

§ tes 0.164 0.01% 3.35

] tré 0.142 0.038 10.15

RELATIVE SYANBARD £RRORS

L 1 1%, ERROA OF \ RELATIVE £RROR ELLIPSES
CFAON Y0 ) DISTAMCE  BEARENG | MAJOR NINOR  ORIENTA? UM
trl Lr2 D.085 0.000 0.107 0.05% 733
tr) try 0.083 0. 600 q.222 0.6%1 06,12
trl trd 0.047 ¢.000 0.093 0.00D 0.04
ir] tes 0.035 2.000 0.8 0.03% 1.3
Hal tré 0.036 0,000 Q.13 0.036 0.1
tr? ted bl 0.000 0173 8.01% 10%.50
tr? ted 0.1 9.000 0.115 9.05] 40.36
trl irs 0.053 0.000 0.188 0.052 nn
trd tré 0038 0.000 0,175 0.038 5T.28
trl trd 0.208 ¢.000 §.219 0.04¢ 1031
trd try 0,093 0.000 D.21% 0.084 T 44
trd tré .07 0.00% 0.2z 0 04¢ £ .42
trd trs 0.129 0.000 0129 0.036 i
trd frb 0.08¢ 0.000 0.08¢ ¢, 050 30 s
trd tré 0.061 0.100 0.6% 0.089 163,84

]
1
]
'

SPEED (knois)

DiFF

Nonf
6019
©.01%
0.007
0.02)
0.003

Table 3. Precision results for epoch 1
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SHIP PRRANETERS

EpdeH ERSTING NORTHING TINE HEADING SPEED
W SIRIREI 6268700480 13948 11245 8.205
COORDINATE PF AEACORS
Mo, StN,  ASTENG  SID.ER DIFF NORTHING  SID.ER
bootrl d2544.95% NONE  WDNE  6264513.492 NONE

1 trl e42SB6.240  OLDAS 0004 A207405.851  8.040

3 trl 604967 302  O.DE)  0.095 6269115519 0,053
4Otrd o 42941962 NONE  NOME 6267845742 0070

S brs  ed7106.568 0.03} o0 A264319.83%F  0.07L
botre 40906398 0046 0001 6263209117 b.04R
ABSOLUTE ERROR ELLIPSES
[ ] neJOR RINDR DRJENTATION

1 ]] FIXED STATIOM

? tr2 0,045 0.019 100.8

3 ted 0,070 0.040 122.55

i trl FIXEQ STATION

8 13} 0.013 0.028 15.41

% 1) 0.057 6.033 [T, ]
RELATIVE STANDARD ERRORS
DL ' $TD. ESROR OF ' OBELATIVE ERROR ELLIPSES H
SEROM 10 ! DISTANGE  BEARING 1 WAJOR  WINDR  PRIEKTATION }

el tr2 0.040  0.000 0.0¢y 083 108.B6

trl  te3 0.641  0.000 8.070 8.0 121,55

iy trd 0,036  0.000 0.070  0.000 .00

trt b 0.032 0000 0.033 0078 15,44

tri trs 0.035  0.000 6057 0,083 i

2 e} o7 G000 6,050 o.04) 198,83

tr2 trd 0045 0.000 0,087 D.0M n.m

trz s 0,009 .00 0013 0.038 w.n

tr2 Uk 0032 0.000 poM 0.012 £5.06

3y trd 008}  0.000 0.061 0,040 1.0

12 I 121 0.043 0050 0.07% 6,042 .40
tr3tré e.035  0.000 0.086  0.03% 51.78

trd o trd 0.045 0,000 o046 0.033 11660

td T 5.044  £.000 0,054 0,083 g 47

Hi .1} 6,045 0.000 o047 0.1 0.4

SHIP PASARETERS
{Wnots)
EPOCH EASTING NORFHING THIE READING
300 45794212 4264)94.00] 13940 4.9 3.01é
CORRDIKATE OF BEACONS
bIFF
I N0, SIN, CASTING ST0.ER bIFF NORTHING STb.ER
NONE
o006 botH eA2544,985 NGNE HDNE 6264513492 NOKE
0.003 ? R 442584083 0.039  0.004 5267405, 835 0.037
0,003 3t S44947.239 4.457 0.00% £249115.617 0,048
0.000 1 trd 447%9) %62 NONE D%k §767445.828 0.064
0.40% 5 tr5 647184, 582 0,932 b.0d% A344329. 468 0.085
[ ] £445%04 314 0.044 b.gil 4263209. 157 0.043
ANSOLUTE ERROR ELLIPSES
N, STATION HAMIR KENOR DRIENTATION
1 tri FIXED STATEON
H tr2 §.040 0.0 11,98
3 ird 0.065 0.034 125,64
i trd FLXED STATION
- irs 0,067 004 16.47
] tré 0.058 0,032 %14
RELATIVE STANDARD [NRORS
] Lk | STD. ERROR OF ! BELATIVE LRRDR ELLIPSES H
UFRM 10 [ DISTANCE  BEARING | NAJOR NINOR  ORUENTATION ;
trl tr2 0.01) 0,000 0.0 8037 14,90
tri tr3 0.038 9.000 0.065 $.036 125.84
tri trd 0.0%2 0.00¢ .04 0.000 0.00
tri 13 0,030 5,000 ¢.067 0.0 15.47
irl tré 0.034 0.000 0.0%3 0.032 “w.u
r? tr3 0.043 0.000 0.053 0.018 113.10
trz [E]} 0,00 9.000 0.052 0.033 3.6
tr2 ]¢] 0415 0.000 0.073 0.0%¢ 1861
trd tré 0.0 8.000 0.06% 0.030 .08
ir3 trd o050 $.000 0.057 0.03¢ 81.43
tr} [25] 0,04} 0.000 .82 4.040 A5
trd tre 0.032 0.000 0.08 0.032 912
tri iry 9.044 0.400 f.6u 0.432 wa
trd tré 0.041 0.600 9.048 0.040 138.33
tr Lrk 0.04d 0.000 G044 0.039 .01

SPEED (knots)

dFF

NOHE
d.000
0.004
9.001
5.00%
0.00%

Table 5. Precision results for epoch 200

Table 6. Precision results for epoch 300
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ERRURS IK EASTINGS FOR TRARSPONOER 2

EARDRS I NDATHIRGS FOR TRANSPOMDER 2

a 0 -
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"] " g w G » e bl "} o 1 -4 m o m
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;o) P
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S 5
4% 4 hal
%0 n:nj
FIX HUMBER FIX WUMBER
Figure 2. Relative calibration : Errors in coordinates for transponder 2
ERAOAS I EASTINGS FOR TRANSPONDEA & ERRORS IN MORTHINGS FOR TRANSPONDER 3
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Figure 3. Relative calibration : Errors in coordinates for transponder 3
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ERRORS IN HOATHINGS FOR TRANSPONDER 4

I mDB—amE

l - J o 15 kg =0 E wn o
n

FIX WUMBER

Figure 4. Relative calibration : Errors in coordinates for transponder 4

ERAOAS N EASTINGS FOR TRANSPONDER 6 ERRORS W HORTHINGS FOR TRANSPONDER §
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L]
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» 2
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1o - ® 100 1% » = k] ] 0
FIX NUMBER FIX NUMBER

Figure 5. Relative calibration : Errors in coordinates for transponder 5
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EAAORS IN EASTINGS FOR TRANSPONDER 6 ERROAS IN NORTHINGS FOR TRAWSPONDER &
L] m
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o
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Figure 6, Relative calibration : Errors in coordinates for transponder 6

5.0 ABSOLUTE CALIBRATION TEST

5.1 Observables and Provisional Coordinates of Transponders
The provisional coordinates of the transponders for the absolute calibration test are shown in Table

7. In this test there was no fixed coordinate defined. All the observables from four systems (i.e. DGPS,
underwater acoustic system, range-range system and hyperbolic system) integrated together were
used in this test.

Coordinates (metres)

Station Eastings Nothings
TR1 642644.9554 6264413.4918
TR2 642485.8109 6267305.8134
TR3 645067.0925 6269016.0998
TR4 647651.9617 6267546.0043
TR5 647085.9108 6264429.8162
TRé 644805.5715 6263309.8709

Table 7. Provisional coordinates of transponders
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5.2 Absolute Calibration Results
Tables 8, 9, 10 and 11 show the precision results for epach 1, 100, 200 and 300 respectively. The graphs

of errors in coordinates against the fix number in Figures 7, 8, 9, 10, 11 and 12 show that all the errors
of the transponder coordinates converged from + 100 metres to less than 1.1 metres after 100 epochs
except the easting coordinate for transponder 3 (i.e. less than 2.7 metres) and the northing coordinate
for transponder 4 (ie. less than 4.9 metres). Clearly it can be seen that all the transponders
coordinates managed to converge satisfactorily as the number of epoch increases. Tables 10 and 11
show that the values of standard errors of distances and the semi-major and semi-minor axes of the
relative error ellipses for epoch 200 and 300 respectively are less than 0.1 metres. Note that in certain
circumstances the above interpretation may be quite different. The small values of the relative error
ellipse does not mean that the calibration process has reached its satisfactory limit due to the
transponders achieving correct ‘relative positioning’ but not achieving correct absolute position in the
required coordinate system. This can happen when there are more acoustic than other observables.
Thus the quality and number of observables received from DGPS, range-range system and hyperbolic

system are important to achieve high quality absolute calibration.
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EHI# PARRMETERS

[1]i- ] EASTING HORTHING TINE HERDING
1 543320.522  &263THS. 126 200 11,3 8.09%
COORDINATE OF BEACONS
w. SN ERSTING STR.ER DIFF NORTHING SIb.ER
1 tel et 42 15,186 96813 164513, 341 JA.&R4
Totr? 64746R.B98 49,695 16913 6267378.527  11.347
3Otes ad5085.500 47480 19417 6269075017 15.884
4 trb GATSE4. 399 33II0 LOT.563 6260450891 3TN
§ trd  6ATIES.T5B .3 M.m? E264444.908  49.07%
b trh G456 13.167 120884 £263276.211 48,008
MSOLUTE ERROR ELLIPSES
n. STATION HAJOR HINGR ORIENTATION
i 341 9,79 0.7 15.89
H tri 9,9%% 0.499 1.5
3 trd 19.991 b.541 108,24
L) trd 49,981 0.525 130,32
) trs 9,149 0.638 149,21
[ e 9,14 0.744 (L]
RELATIVE STANDARD ERRORS'
1L | S8, ERROR OF ' RELATIYE ERROR ELLIPSES
LFron T ) RISTAMCE  BEARIM 1 omIne NINOR  ORIEWTATION
mesr me esemams  seswres  weess  we=sa wpdaannrars
[3] tr? 35,109 0.00 1.9 108N 61,47
tri br¥ 18,5% 0.510 60,573 34,530 .20
trl trd 49,325 0.%0¢ 31,026 48,731 1719.88
tr1 HH) 35630 0013 §2.077 33,483 17.44
trl trd 13917 0.02% 1.9 18,575 30.61
tr2 tr¥ 56,509 0.0 0075 9.0 92,57
r? tr bL ) 0.8 0.7121 6.2 199,70
[LH] ird 48,93 0.009 50.9v8 49N .
tr2 tré 1.4 9.042 40.60) .00 L1
el tré 68237 0.004 .28 1841 1.8
{31 trh $9.138 0,008 se.880 35,892 137
trd ré S0.434 0.009 SL.UE 4859 119,31
trid s 57,849 0.013 68,137 18048 153.9%
trd tré 9.1 0.010 £3.0% 1593 166,73
141 iré 36,845 0.0H 46,705 15.898 U

SPEED (knots)

DIFF

[IN )]
nn
58927
95,11}
15,128
13440

1
1

SHIP PARANETERS

EPOCR EASTENG MORTHING TIHE READING

100 645965927 6267843249 21948 15.01 [ N1

CODADINATE OF BEACONS

M. SN, EASTING ST0.ER bIFF NORTHING  STD.EM
1otrl 64285057 0090 0803 6264514.157  0.0a9
oo SRS D14 00N e2eTd06.397 0483
Yook edepedE5 0B 02V 626%116.797 0,036
GOt §7550.027 0,083 D224 TS0 0.210
S MS SATIRA. 33 6.047 0004 6264330703 0.153
6 bré  eA4906.57% 008t 0.016  6243210.3%% 0.0

ARSDLUTE ER2DR ELLIPSER

M, STATIOR NATOR nixoR ORFENTATION

1 trl 0.0% 0.059 171.38

? trl 0.140 2,044 [N

3 trd 4.3192 t.0%0 100,11

[ trd 0.26% 0.02 2.8

H try 0,153 0.041 1%

] tré 0,084 0.04% 63,83

RELATIVE SIANDARD ERRORS

%L 3 1 §TD. ERROR OF ) RELATIVE ERROR ELLIPSES

TERAM  TD ) DISTANCE  BEARING |  MAJOR  WINOR  ORICNTAVEON
trl [1¢] 0.057  0.000 0146 0035 3,83
trl tr3 0.067 0.000 0.272  0.b8) neLN
tri trd 0.040 0,000 0.316 0.0 149,312
trl trs 8027 0.000 0.22k 0.021 2.3
irl tre 0.033 0.000 0,134 0.033 8.43
trz tr3 [ Nt1 0.000 0.180  D.0%0 119.85
2 trd 0,106 0.000 0.2M 0.09% 170.93
L2 tes 0.048  0.000 0.243  ©.048 3888
12 tes 0.0 0,000 0.232 0.7 .17
tr3 tré 0.1% 0,000 0195 0.4 134,16
trd tr$ 0.0%2 0.900 0.268 0.088 .46
tr3 tre 0.040  0.000 0.304 p.03% LI
trd trs 0.130 0.000 0.20] 0.93 126,89
trd trg 0.07¢  0.000 o217 D.DES 130,26
trs tre 0,055 0.000 0.128 5083 16882

SPEED (Wnots)

DIFF

0.032
0.009
0.028
0.2%
0.068
&.0l0

Table 8. Precision results for epoch 1
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Table 9. Precision results for epoch 100
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SHEP PRRANETERS

EPOCH EASTING RORTHING TINE HEADINE
¢ SA1919.347  £26378),252 1% 112.33 8.0
CODRDINATE OF BEACONS
N0, STK, ERSTEMG 5ro.en DIFF NORIAING STR.ER
I otel 642545140 0,039 0.00) £26451¢,178 6041
Tober 442893919 0.052  0.001 6267406, 618 0.042
1ty 64d962.000 0078  0.009 6269116.330 0.034
4 trd o 4d7552.958 0.050 0.0 G261 0.085
§try &d7186.1 o.gd0  0.081 6264330.343 0.064
b brh E44S04. 361 6.057  0.00} 6263210.056 0.037
MSOLUTE ERROR ELLIPSES
. STRTION FAJOR HiNgk QRIENTATION
1 trl 0,054 0.63¢ 145,15
1 irl 0,053 0.081 3.9
) tr} 0.081 0.028 105,14
{ trd 0.079 0.025 LW
3 14 0664 0.040 .53
4 tré 0.087 4,037 BS.18
SELAFTYE STANDARP ERRORS
| LINE V 510, ERROR OF 1 RELATIVE ERRDR ELLEPSES
JERON T0 | DISTANCE  DEARING |  MAJOR HIHOR  ORIENTATION
ir] tri 0.03 9.000 0.054 0.03 B1.58
tr1 trd 0.037 0.000 0.0%0 0.036 113,22
1 trd 0.09 6.000 0.0%7 0.029 150,01
trl trs 0.028 0.000 9.082 0.026 2.8
trl tré 004} 0.000 8.058 0.031 .
tr? trl 0.04¢ 0.400 0.064 0.038 1m.n
irl trd 0.2 0.000 0.084 p.odl 1m.n
tr2 18] 0.0M 0.000 0.092 0,033 30.80
trl tré 0.026 0.000 b.0g8s ¢.028 60,37
tr} krd 0.053 0.000 0.058 0.053 7.3
i} ird 0.042 9,000 ¢.09) 0.042 §5.36
HM tr§ 0.05¢ 0,400 0.105 0.0% 83.02
ird trs 0.014 0.000 0,050 0.4 Li0.4%
trd tré 7,040 0.000 8.087 0.040 120,16
kr§ tré 0.042 0.000 0053 2.0d1 148,05

SPEED (kasts)

DIFF

PYTs

¢.00%
0.002
0.000
.00
5.001
0.001

1
¥
]
L]

SHIP PARANETERS
EPOCH ERSTING NORTHING TIRE MEADING SPELD {knets)
0 G45794.510  6264195,385 1N ] 185 B.01é
CODRDINATE OF BEACONS
No. §M. ERSTING $10.E8 bIfF HORTHING §70.ER BIFF
It 842545.001 0.038 0003 B244514 . 082 0.040 D602
2 tr}  sdlSSE7E G.048 D00 §261406.501 0040 000
3ol %620 LR 2I N K 4269116, 345 0.032  0.00%
& bt AYSSL.807 0048 0.001 62674¢8,318 o081 0.00)
LI 12 R LY 02 1) 0.039  0.001 G264130. 068 o.0s0 0,001
b e 444906.387 0.9%%  0.000 6263216.028 0.035  0.001
MBSOLUTE ERROR ZLLIPSES
o, STATEON HAKOR LIkl DRIENTATION

l trld ¢.08 4.008 142,84

2 tr? 0.4 0.049 15.80
3 tr} 0.074 0.02% 106.00

[} ted 0.073 0.9 143,80

3 trs 0.060° 0.03¢ 850
) trd 0.45% 0.035 (181}
RELATIVE STAMDARD ERRORS
1 LINE 1 §Th. ERROR OF  RELATIVE ERROR ELLIPSES '
UFROM T ) DYSTANCE  MEARING | HAJOR NINOR  ORIEMEATION |

44] tr2 0.035 0.000 0.050 0.0M 8.5

{3] trd 0.034 0.000 0.083 LR M 113.81

trf trd 0.027 0.000 0.0%0 0.027 149.98

trl trh 0.025 0.000 0.07 0.025 2.68

tri tre 2.031 ¢.00¢ 6.053 0.0 35,68

tr2 tr} 0.042 ©.000 0.059 9.036 e 2

tr? ird 0.0%8 0.000 0.679 0.037 [M.13

1H trs 0.030 0.1200 0.086 0.030 .12

irl tré ¢.02% 0.000 0.079 .42y 60.60

trd (1] 0.050 &.000 6,053 4.050 3N

H tr3 §.¢40 0.000 0085 b.0¢g €514

r} Lré 0.028 0.00¢ 0.097 0.028 %8.M

Lrd tri 0.843 09000 0.083 9.042 107,18

trd tre 0.037 (R 0,083 0.0%7 1997

ted tré ¢.041 o.009 0.0%0 0.00 169.88

Table 10. Precision results for epoch 200

Table 11, Precision results for epoch 300
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Figure 7. Absolute calibration : Errors in coordinates for transponder 1
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Figure 8. Absolute calibration : Errors in coordinates for transponder 2
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EARORS IN EASTINGS FOR TRANSPONDER 3 EARDRS N MORTHINGS FOR TRANSPOMDER 3

15 » -

Ly

- Qe —_—
] N » 1 " m ™ =
£ P P
T T
A R
E E 4]
5 o m m o ) o |5

Y
ImJ
FIX RUMBER FIX NUMBER
Figure 9. Absolute calibration : Frrors in coordinates for transponder 3
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Figure 10. Absolute calibration : Errors in coordinates for transponder 4
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Figure 11. Absolute calibration : Errots in coordinates for transponder 5
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6.0 CONCLUDING REMARKS
The tests carried out for relative and absolute calibrations showed that in both cases the errors

introduced in the transponders coordinates managed to converge to a satisfactory limit. This was only
when the values of the standard errors of distances, semi-major and semi-minor axes of the relative
error ellipses were less than 0.1 metres. Both these results suggested that absolute calibration could
be carried out without relative calibration if the quantity of observations from the underwater acoustic
system are the same or greater than the rest of the positioning systems employed.
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