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ABSTRACT

This thesis dealt with the application of a particular
technique in systems identification, the Kalman statistical
filter, to maneuvering analyses, determining the value of the
hydrodynamic coefficients to the general equations of motion.

A computer program was developed for use in this identification
process. The system that the identification was applied to

was the general class of surface vessels. 7The Mariner-class
hull form was singled out for extensive analysis because of

the avallability of accepted values for the coefficients of
these ships in the literature.

The identification process was conducted over a variety
of experimental conditions. The results indicate a capability
for the program to identify the desired coefficients with
reasonable accuracy - within five percent of the accepted
true values for the individual coefficients.

It was found that the best type of maneuver was one
which generates a continuously varying input of the vessel's
motion paramenters, such as the sinusoidal maneuver., Addition-
ally, the process was shown to be able to operate on noisy
data containing a large amount of scatter. The new coefficient
estimates can be refiltered on additional passes by the process

ii



over the same noisy data and thereby re-evaluated and updated
to a new estimate. The results of this updating seems to
depend upon the accuracy of the estimates obtained from the
previous pass over the nolsy data,

Thesis Supervisor: Martin A, Abkowitz
Title: Professor of Naval Architecture
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Chapter 1

INTRODUCTION

The naval architect must be able to predict the various
motions of an ocean vehicle in order to design a vessel which
can meet the required aspects of operability under which the
ship will function. Without this knowledge, little can be said
of the ship's capabilities with any certainty until the system
is actually built, An accurate model of the vessel is thus of
primary importance for design purposes.

The dynamics of an ocean vehicle can be described theor-
etically in terms of a general set of motion equations. The
utility of this set of equations which can accurately predict
the motions of a ship should be readily apparent.

The equations of motion are derived in a number of ways
throughout the literature. That method which implements the
vector calculus is presented later in this work. The equations®
structures are such that they may be applied to many diverse
systems, with the judicious choice of coefficients to the
equations setting their structure to the particular system at
hand. The specification of these coefficients sets the model
to the system and is the problem area toward which this work
is oriented.

Unfortunately, the exact numerical values of these

hydrodynamic coefficients are difficult to attain. Hydrostatic

1
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and hydrodynamic theory permits specification of only a few
of the parameters. Through potential theory, the acceier-
ation derivatives can be calculated with reasonable accuracy,
though they are of minor importance in terms of the general
equations. |

The coefficients associated with the criteria for

dynamical stability in straight line motion,
Yv(Nr-meu)-Nv(Yr-mu):>O,

namely the velocity derivatives, are unattainable to
sufficient accuracy for displacement hulls through present
thecry. For these and many other cases, one presently must
resort to captive model tests in the towing tanke. The
consequence of this is the ‘ntroduction of scaling effects
inherent in the modeling of ship systems to the correct
Froude number and, by necessity, the neglecting of Reynold's
number.

There are two principle means of running model tests
at present. One uses the rotating-arm mechanism, The other
more popular method incorporates the planar motion mechanism.
For both methods, the forces and noments exerted on the
model hull forms are measured by dynamometers as the model
is put through various constrained maneuvers., These forces
and moments are then plotted as a funetion of the motion

variables, The slope through the equilibrium conditicn,



usually the origin, of this function then gives the relevant
force or moment derivative. Quite obviously, this is not as
accurate a procedure as one would desire because of scale
effects and the difficulty of attaining certain of the non-
linear coefficients,

A possible alternative to this traditional approach is
derived from modern control theory. Systems identification
consists of a set of theories and their applications,
capable of assigning the most suitable numerical values to
the variables and coefficients of the equations describing
the state of the system. These equations of state consist
of the motion equations as well as functions representing
the measured motion responses, both assigned levels of
uncertainty in their structure and recording capabiiities.

One of the methods used in systems identification is
statistical filtering. By taking advantage of the estimated
uncertainties, or noise, as well as recorded trajectories
of the ship motions, the statistical filter is capable of
choosing values for these coefficients which minimize the
error between the recorded and calculated state values.

The specific technique of filtering used in this work is
the Kalman filter, an optimum linear filter which was
extended to handle non-linear systems.

The main body of this thesis consists of two parts.,

In Chapters 1II and III, the theory and equations describing

both the system and the identification technique are given.



The equations of motion describing the state of the sysiem
are developed, as well as an optimum linear filter and it's
non-linear extention for use in the identification.

The second part of this thesis, contained in Chapters
IV,V and VI, applies the theory tc a practical problem -
the identification of the hydrodynamic coefficients of a
Mariner-class surface ship. This type of vessel was chosen
primarily for consistency with previous studies in the area.
Additionally, the coefficients for this class Yessel are well
documented in the literature and permit a realistic appraisal
of the identification results given in Chapter V. Conclusions
and future considerations are stated in Chapter VI.

A listing of the general program developed for this
study, as well as a description of its usage, are given in
the Appendix. Also inc;uded are various and sundry items

useful in this work and hopefully for any continuation of

these studies,



Chapter II

SYSTEMS IDENTIFICATION

2.1 Parametric Identification

Inherent in the understanding of any dynamic system is
the ability to model that system accurately through a series
of differential equations. The general identification and
gspecification of any system requires that the general
structure of the system as given by this mathematical model
be known, although the particular values of the parameters
in the model need not be specified. For a system in this
form, classical identification technigques can be employed
determining the particular parametric values. This is
referred to as parametric identification. The mathematical
equations usually involve what are termed the state variables
of the system and their derivatives, along with various
constant coefficients to these variables. The coefficients
set the model for the particular system or conditions under
consideration. It is the values of these cocefficients which
need to be determined.

In ocean vehicle dynamics, the coefficients primarily
relate to the hydrodynamic forces and moments exerted upon

the body in response to arbitrary disturbances from



equilibrium. These coefficients, which take the form of
first, second and higher order force and moment derivatives,
may be either completely unknown or reasonably estimated to
within a degree of uncertainty. Part of the uncertainty
arises from the methods involved in their estimation - model
tests and full scale trials., Precise response trajectories
of the vehicle motions are difficult to attain. Typically,
for systems of this sort the deterministic, or precise,
model is waivered for a simpler indeterminate model, where
minor higher order terms as well as indeterminate noisy
additions to the responses are incorporated intc a single
noise variable., This concept will be further developed

later in this work.

2.2 System Representation

The systems analyst works is a realm defined by state
variables and state~space representations of dynamic systems,
A get of state variables are simply those variables which,
along with a set of initial conditions, can be used to
completely describe the dynamic state of a system - past,
present and future. For a static system, this definition
is trivial. However, since one usually deals with dynamic
systems whose state i3 ever changing with time, the ability
to so model that system is crucial to itfs identification.

Often the term primary state variable is used in the



literatures Its usage is somewhat arbitrary, though
frequently it refers to the set of velocity parameters.(a)
For this study, the primary state variables will be defined
as that subset of the state variables used in the ident-
ification procedure - the measured parameters of the vehicle
motions. These may include orientation as will as motion
variables,

The state-space representation of the dynamic system

is that set of equations incorporating the state variables

which forms the model of the system.

[] *
x = £{x,u,t)
z = h(x,u,t)
1ty) =%,

Here the state variables, X, and the input variables, u,
are used in the motion function, f, giving the time rate of
change of the state variable and the measurement function, h,

giving the measured output, z.

Frequently, the actual structure of the system is

known, except for a set of parameters or coefficients, p.

*
See Notation - the bar under a lower case letter indicates
a vector quantity.



As stated earlier, this structure can be simplified by
neglecting extraneous higher order terms. A modification

to the equation structure involving a single uncertainty
term, w, compensates for this ad justment, Similarly, any
uncertainty in the measurement function can be included in
another uncertainty term, v. The state-space representation

then takes the somewhat more complex though useful form,

»

X = £(XyuyPsW,t)
z2 = h{XyUsPyVst)
(%) = %

A significant simplification in both the structure of
the above representation and eventually in the computation

incorporating the model can be made through the following

(16)

assumptions about the system under consideration:

(i) The mathematical model and the measurement
function are time invariant.

(ii) The system structural uncertainty and
measurement noise are linear, and add
directly to the equation of state.

(iii) The ocutput measurements are linear functions
of the state of the system, and are
structurally independent.



(iv) The model coefficients are constants of the
gsystem while under observation and hence are
the objective of the identification.

The first assumption is the most crucial since the loss

of the assumption implies that any identification on the

system is valid only over the periocd of observation and thus

cannot be extended to the general case, The time invariant

assumption, however, can be lifted if the relationship between

the structure and time

is known. For a guasi-static structure

which is only slowly time-varying, the time invariant

assumption can be made, though with some caution,

The dynamic state-space representation under these as

assumptions is thereby

1M e

R

For cases such as

reduced to,

= f(x,u,p) *+ w (2.1)

(2,2}

1]
=
+
<

in this study, where the measured

output is assumed to be in direct correspondence with the

state of the system, the measurement function is simply

the identity matrix.
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2.3 Identification Methodology

Many different techniques exist for applying the system
representation, eqs. (2.1) and (2.2), to the parametric
identification problem, The literature abounds with procedures,
many primarily oriented toward specific identification
problems.(7)’(1o)’(l5) The trick then becomes the matching

of the more adept procedure to the situation at hand.

2.3.1 Ilterative Procedures

One of the more general methods applied to ship

(3)

maneuvering, investigated by Brinati, was the model
reference technique, an iterative process. This procedure

is one of the more conceptually simple identification
techniques in current use. It can best be described as a
brute force interpolation. The mathematical model is set
except for one or two of the coefficients which are varied
uniformly in an attempt to find those values which minimize
the error function between the model and the actual data.
This method was shown to work well., However, the limitations
under which it must operate - limited noise levels and a

minimal number of observable coefficients per trial, seem

to limit its utility in extensive design applications.
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2.3.2 Statistical Piltering

An alternative approach and one which has received a
great deal of attention in the past decade is that of
statistical filtering. Part of this popularity and utility
comes from the fact that it provides an optimum use of all
available information about the sysiems This includes
statistical estimates of both the noise in the system and
its state.

Much of the initial theoretical work on statistical

{18)

estimation and filtering was performed by Weiner, in the
1930*'s., It's applicability to systems analysis was developed
by Kalman (11)f(12) in the 1960's, He showed that an optimum
linear filter, based on the covariance matrix of the state
estimation errors can lead to a minimum error in the final
estimate of the state of the system.

There are two major disadvantages to the Kalman filtering

technique, neither of which had a very serious effect upon

this study.

(1) The filter has a linear derivation and there-
fore is valid only for linear systems.

(ii) It requires a reasonable, but not necessarily
accurate, estimate of the system and noise
parameters before their identification may
proceed,
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For ocean vehicle systems, the second problem is incon-
sequential. Reasonable estimates can be made from vehicle
coefficients which are presently in the literature, or have
been attained from model tests of the class of vehicle desired
by traditional methods. For other types of systems, where
this estimation problem might become significant, on-line

d (14) which can

identification techniques are being develope
work in conjunction with the Kalman filter, but which initially
need no precise sstimate of the state or noise characteristicse.
The restriction to linear systems is also of little
concern for those cases where ship maneuvering can be limited
to small linear disturbances., This permits the use of
simplified linear models available in the literature.(é)
For the general case., however, the restriction of linear
modeling is not acceptable. The methods used by Brock(u)
and described here 1ift that restriction and permit the
extension of the Kalman filter to the non-linear case - a
development which may not be theoretically strong but which

works quite well all the same.

2.4 The Kalman Filtering Technigue

The Kalman filter was the identification technique used
in this work. It is a statistical filter for use in the
presence of uncorrelated white noise. Through use of the

Kalman filter, the identification problem is reduced to a
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state estimation of the dynamic systems. The filter development
follows for a linear system which in turn is followed by it's

logical extension to the non-linear case,

2.,4,1 Derivation of the Optimum Linear Filter

Earlier in this chapter, the equations for the state-
space representation of a dynamic system, egs. (2.1) and (2.2},

were developed,

[
]

[ L]

>4

-

<

[ o]

o —
+
=

13
n

&
+
<

where a linear relationship between state and output has been
assumed, For simplification in that which follows, the noise
factors, w and v, will be discarded for the time being. The

dynamic system representation is therefore reduced to,

% = £(x,u,p) (2.3)

(2.4)

"
n

X
]

Given a system defined by these state and measured out-
put functions, one desires to estimate the true state of the

system at scme time t. If numerous measurements of the system
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are taken, a realistic assumption for most physical systems
is that the values attained will approximate a Gaussian
distribution. Therefore, the best estimate of the state of
the system, 2} will be that which approaches the mean, X,

of the systemn,

o0

¥=%= fr.cP(atlz-)dz

w 0D

Any error in this estimate can be defined by

>

1o
L}

and the covariance matrix of these errors by

E = BRI &5

=T e (2.5)

One of the characteristics of a Gaussian or normal
distribution is the fact that the mean of X specifies the

maximum of its probability density function (PDF),
P(X) = max [P(§q

Therefore, 2 proper method for determining the optimal

estimate of x is one which would determine that x which
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maximizes it's PDF, The sitandard form of the Gaussian PDF

for a random variable, y, is given by

1 -(y,-)%/20"

e (-2 <y <o )
‘,2n q

P(y) =

This can be extended to describe a system of n state

variables as

1 -(8-x) (-x) /28
P(J_() = (2,,)1'1/2 El/z e

where E is the variance, defined as the square of the standard
deviation, 02. The problem is then one of maximizing P(g),

under the constraint imposed by the measured output

Since log [P(J_c)] attains a maximum for the same value of x
as P(x), the problem can be rewritten, using Lagrangian
multipliers, as the maximization of F{x), where

F(x) = log [P(;g)] + AT (z-Hx)

A |

1

- (ﬁhx)fﬁkx)T/éE + AT (z-Hx)
(2x)/2 g1/2 T -7

log
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The variation of F(x) with x is given by

dF (x)

Ty

= @) B -
dx

Maximization implies

or,

T

Rx)T e = AT H

Taking the transpose of both sides yields

@x)EHT = A H*
but from symmetry,
@) = rel
x = ®-aEH (246)

From the measurement function,
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z = Hx
= H(X - A EHY)
or,
A = (HE - 2)/HEHT (2.7)

Substitution of eg. (2.7) into eq. (2.6} gives

x =%+ [(z-HR)/mEx" | EH'

=/x_\+EHT [HEHT]-I (E-HS_C\) (2.8)

This then is that value of X which maximizes the PDF
for the function and, by definition, is the optimum estimate

of the state of the system at time t.

It can be shown that if one includes the measurement
noise, v, in the eq.(2.4), having its specified character,

then the more general form of the state estimate is

15

v =R+ EHT[HEHT + R] "1 (z-HR) (249)

where,

R = (P+v) (-v)" (2.10)
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In order to determine the new covariance matrix for this

optimal estimate,'%‘, one need only substract‘% from eq.(2.9),

arriving at a value for e. From the relation

one arrives at the updated matrix

E' = E - EHY ¢HT

+ R)'1 HE

(2.11)

Eq2.(2,9) and (2.11) can be somewhat simplified and possibly

more easily understood by defining the new variable K, the gain.

T, R)-l

K = EH® (HEH
Then, eqs.{(2.9) and (2,11) reduce to

T =%+ K(z-HE)

E' = E - KHE

(20.12)

(2.13)

(2.14)

At this point, the process noise in the state equation

can be re-introduced into eq.(2.3) as given in eqe.(2.1).

ixRe
H
tHy
o~
-
-
15
-
[ (]
e
+
1E
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The optimum estimate for x will then take the form

1% oy

£(X,u,p) (2.15)

since the process noise is defined as being of zero-mean.

This equation can be rewritten as

1

(2.16)

H
w
%>

where B is a matrix of coefficients acting upon the state
variables,
3 £(Z,u,p)

B = a (2017)

14

The error in the state estimate is seen to be

[ L
H

The time derivative of the error covariance matrix, E; is

then written as

d T
2z — (e e”)
E T e ¢
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or finally,

-3
o

-3
o

e
1£
g

= BE + EB™ +

The process noise covariance matrix, Q, is defined as

Q =ww (2,18)

The time rate of change of the error covariance matrix can

therefore be converted to the form

+Q (2.19)

tzt @

= BE + EB

This then is the controlling equation in the variation of
the covariance matrix in conjunction with the measurement
function over time.

The estimation problem can thus be completely described
by eqs. (2.13),(2.14),(2,15) and (2.19). When a measurement
of the system is taken, eq. (2.13) determines the optimal
estimate, 2', of the state variables at that time. This it
does by maximizing the system's PDF based on the previous
estimate of the system,'%, and the present measured output, z.
The error covariance matrix is similarly determined by
eg. (2.14) as a function of the matrix calculated for the
previous measurement., Egs. {2.15) and (2.19) are integrated

to update the state and error covariance matrices before the
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next measurement. These new values of the state and co-
variance matrices before the next measurement. These new
values of the state and covariance matrices are then used
to again optimize the system's estimates and the process

repeats itself,

Fige 2-1, Block Diagram of Optimum Linear Filter
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2.4,2 Non-linear Extension

The derivation of the equations relating to the

statistical Kalman filter was done for a linear system,

1% =
1]

£(xyu,p,¥)

(1
1}

h(X,u,p,¥)

and indeed, can be applied only to those systems whose

dynamics can be considered linear functions of X, u, p and

v or w. However, it is possible to extend these equations

to the cases where the dynamics of the system must be

described by non-linear functions. This linearization of

non-linear equations gives one the versatility of applying

the filtering technigue to a wider class of physical systems.
Assuming egs. (2.1) and (2.2) are continuous and differ-

entiable over the region of interest, the state variables

can be written as

= + &
= +
Z =z, * 0z

and egs. (2.1) and (2.2) can be expanded in a Taylor series
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about the initial values,

. df df

5)_{ = —B;EO 6}£+ —5-“;0 6y_J+ ¢ne
oh h

0z = -é—;t-o ox + -—a—&o by + bl

The values of é and z can be assumed to be close 1o the initial
values so that 6% and 6z can be considered linear functions
of dx. This assumes that dw and bv are equal to w and ¥
respectively, which follows from their being uncorrelated.

The linear derivation described earlier can then be used
to get the optimum estimate of dx. The equations for the non-
linear filter are thus of the same form as those developed

for the linear case, with minor redefinitions of the matrices

involved,
)
x = £(X,u,p) (2.20)
% =% +E'HT (HE'HT +R )7V (z-HR)  (2.21)
E = BE + EBT + Qn (2.22)
E = E* - E'HY (HE'HT + Rn)'i HE * (2.23)
where,

B = i{ (?59‘.5’2)

3%
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H = :_;:‘(5,9,2)
T

R = 22 R
n v dV
T

ICE
%D T v

For the assumptions under which eqs. (2.1) and (2.2) were
developed, namely additive linear noise and a linear measure-
ment function, the noise covariance matrices, Rn and Qn’

reduce to the form of those found in the linear model, R and Q.



Chapter III

THE SYSTEM

The system under consideration in this work is a Mariner.
class vessel operating in unrestricted waters. Under equil-
ibrium conditions, it is assumed to be moving at a constant
forward speed. We are interested in determining the effect
that various deviations from the equilibrium condition will
have upon the motions of the ship. To do so requires a
model which accurately portrays the vessel under any and all

conditions in which it may be found.

3.1 The Mathematical Model

The best method of simulating a dynamic system is to
mathematically recreate it through a series of differential
equations which can accurately describe its motions. The
mathematical model used in this work, developed by Abkowitz,(l)
considers the vessel as a rigid body of constant mass with
a stationary center of gravity. Alternative models have been
developed in the literature for similar systems, as well as:
those special cases not included in this model.(8)

A body moving in a fluid medium is considered to be a

acted upon by a system of forces and moments. These can be

25
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resolved by considering two sets of forces and moments, each
of which is equivalent to the other at equilibrium. First,
one can consider the body's rigid structure and the forces
and moments due to it's mass and the motions of that mass -
velocities, accelerations, moments of inertia, et cetera,
independent of the body's shape. Secondly, one can consider
the forces and moments arising from the medium itself,
termed the hydrodynamic forces and moments., These act

upon and are initiated by the body's shape - the dynamics

of its interaction with the fluid medium. The subsequent
motions of the body in the fluid through dynamic equilibrium

arise from equating the two systems of forces.

3.1.1 Rigid Body Dynamics in Six Degrees of Freedom

The dynamics of the origonal body structure are ultimately

derived from an understanding of Newtonian mechanics.

F = -%% (Momentum) = X% + YJ + ZK
M = -%; (Angular Momentum) = K¥ + M§ + NR

Cne can consider a rectangular coordinate system with
arbitrary origin not necessarily at the center of gravity
of the system, but parallel to the principle axes of inertia

through the center of gravity. The system can thus be shown
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in the form of fig. (3-1),

Fig. 3-1, Rectangular Coordinate System

where the relevant forces and moments are as indicated. EG
is the vector displacement of the origin from the center of

gravitye

Using this notation, the force equation becomes,

under the constant mass assumption, where

Q = pf +q% +rk
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and is defined as the angular velocity of the center of
gravity about the chosen origin. Expansion of the equation
yields the force components along the principle axes.

X=m|u+gqgw-rv - xG(q2+r2) + yg(pa-r) + ZG(pr+q) (3.1)

L

Y=m|v +ru-pw - yG(r2+p2) + zG(qr-p) + xG(qpﬁ:‘)_J (3.2)

Z =m|w+ pv - qu - zG(p2+q2) + xG(rp—&) + yG(rq+;}j (3.3)

In a similar manner, the moment equation can be shown

to be equivalent to

where

d ~
— +
e g R TIIA T L)

The moment components about the principle axes are then given

by the equations

[ ] [} [ ]
K=1Ip+ (szIy)qr + m [yG(w + pv - qu) - zg(v + ru - pw)

+ XGYG(PI‘-&) - szG(Pq+£') + YGZG(FZ-‘QZ)] (3e4)
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M= Iyq + (Ix-Iz)rp +m [ZG(U +qw - rv) - Xo(w + pv - qu)
[ ] [ ] 2 2
+ yozglap-r) - yexglartp) + xqz,(p"-r") (3.5)
N=1Irt (Iy-Ix)pq +m [xG(v + ru -pw) = yp{u + qw - rv)

+ szG(rq-é) szG(rp+é) + nyG(qz-pz)] (3.6)

The rigid body structure of the dynamic model can there-
fore be summarized by eqs. (3.1) through (3.6) for a vessel

of constant mass and arbitrary origin of its coordinate

system.

3.1¢2 The Hydrodynamic Forces and Moments

The dynamic forces and moments acting upon the body
in a fluld are functions of the body itself, its motions and
the medium through which it passes, For a given body oper=-
ating in a particular fluid, these functions are dependent

only upon the body®s movement.

, effector controls)

1= L+
A
]
L]
(J=s]
o‘
[ el
-
1
L
150
-
1D

For this work, it is assumed that the body is operating in

unrestricted waters, therefore negating any effect of the
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orientation parameter, 30, on the dynamics. The only effector
force and moment contributions will come from the rudder

deflection, &, neglecting higher order terms such as & and &,

(3.7}

= 1=
St il
]
]
~
{ Ll
-
Che
-
(Y=
-
e
-
o
o

The function in eq. (3.7) can be expanded through a Taylor
series expansion, assuming the function is continuous and
analytic over the region of interest. This assumption is
valid under normal operating conditions.

The multi-dimensional expansion is done about a nominal
condition, in this case the equilibrium condition of constant
forward motion, in terms of the individual components of the
functional quantities. Looking at the force egquation,

E=F(uo Vy Wy Py Qy Iy Uy, V4 Wy Dy Q, Ty B)

the expansion becomes a lengthy equation of the form

2
SF vee L 1[,2FE 2
E=5 * (galo Ay + 770+ z[‘"g;g’o (au,)
[ K N J azE LN ’
+ + (au av)o (aujdlav,) + ]
. N3
1 [ O°F 3 ] .
+ ( ) (Au )’ + °** | + higher order
& 3u? ° ° terms

(3.8)
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It will be seen that many of the terms in eqe (3.8) can be
eliminated by employing the proper assumptions.

Two simplifications are now in order. First, standard
shorthand notation will be used throught for the force and

moment derivatives,

3 F
(=) = F
axi o] =X
Secondly,
(x3)g = x5 = (x;)

Under the equilibrium conditions of straight ahead motion

at constant speed,

»
H
<

and

Lan Y
L
e
1}
»

for all X except u, which does-have a non-zero equilibrium
value, Therefore, the hydrodynamic forces and moments can

be porirayed as



32

ce 1 2 LA B 2 -
E=E +E(au)+ '+§[§uu( Au)® + tEplaus

1 3 200 :
4 o0 + = |F_ . {au)’ + J + higher order
] 6 [-uuu terms (3.9)

3.1.3 Eguations of State for a Body Moving in Three
Degrees of Freedom

The rigid body structure of the dynamic model for a body
of constant mass and arbitrary center of gravity, moving in
six degrees of freedom was given in eqs. (3.1} through (3.6).
Similarly, the hydrodynamic forces and moments acting upon
a2 body with six degrees of freedom are derived in the form of
eqs (3.9) from the Taylor series expansion. With the system
under dynamic equilibrium, the hydrodynamic forces and moments
are solely responsible for the forces and moments acting on
the rigid body, and hence the motions of the body through the
fluid. Therefore, the two systems of equations can be equated

to determine the resultant motions in six degrees of freedom.

Hydrodynamie and Inertial
hydrostatic forces ) = reaction (3.10)
and moments responses

This general case does not always apply to every system,
however, For this study, the body was constrained to only
three degrees of freedom - a surface ship operating solely

within the horizontal plane. Additionally, it was assumed
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that these horizontal maneuvers do not excite rolling motions.
This assumption applied to the Mariner-class hull form is
adequately valid under normal operating conditions. It will
alsc be assumed that Yo is located along the longitudinal

plane of symmetry.

Under these conditions,

for any time t. The equations used in eq. (3.10) can therefore
be reduced from the general case to that for only three degrees
of freedom, with substantial simplification in structure.

The rigid body forces and moments in the horizontal

plane, excluding roll, are

X =m (G - TV - xGrz) (3.11)
Y = m (\.r + ru + x,r) (3.12)
N = Iz; + me(; + ru) (3.13)

while the hydrodynamic forces and moments for the same case

are given by the Taylor series expansion of

X = X(u, v, r, &, vy Ty 0) (3.14)
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= Y{u, v, T, ;, v, ', B) (3.15)

.
1

= N{u, v, r, ;, Ve I'y 0) (3.16)

=
i

Brinati(j) showed that numerous additional terms in the
expansion of the hydrodynamic structure could be dropped by
additional assumptions. These included cross-coupling
between the acceleration and velocity terms, negligible
second and higher order terms, and negligible contributions
from symmetry considerations. Applying these assumptions,
which are quite valid, one arrives at the following form for

\

the hydrodynamic structure.

1 2

LA 3 2 2
X=Xo+xu(Au)+xuu+2[xuu(nu) + X v© +X

r
vV rr

+

2 1y 3
Xbbé ] + ervr + Xrbrb + vavb + 3 uuu( Au)

1 2 2 2
+ > [vauv (Au) + erur ( Au) + Xbbub ( Au)]

+ eruvr(.Au) + vauvﬁ(,au) + Xrburb(‘Au) (3.17)

[
[}
e

+ va + Yéb + Yvuv( Au) + Yrr + Yrur( Au) + Ybub( Au)

1T 3 3 3 Ly
P v Y Yt T Ype®” | 3 [ Py

2 2 2

2
+ v v - ve o+
Y 6~ + Y (Aauw)© + Y r Y 66r6

vbb r
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2 2 2 Yd
+ Y (au)® + Y, b6v" + Y br° + Ybuub( Au) ]

ruur

+ Y .vrd (3.18)

vrd

N=N, +Nv+Nr+Nb + Nvuv( Au} + Nrur(Au)

+

1 3 3 3
Ny ol au) + 2 [vavv ¥ Nppp?” * Nosa® ]

2 2

2
+ Nvuuv(Aln + N rv

1 2
t 3 [errvr + vaév6 rvv

2

2
+ Nruur( Au)® + wa

* Nrbbrb

vrb (3.19)

M Nbuubt AU)Z } * erb
A further simplification can be made in egs. (3.17},
(3.18) and (3.19}, by dropping those terms which individually
have negligible effect upon the eventual motions of the ship,

without unduly altering the model. This reasoning is some-
what similar to the dropping of the fourth and higher order
terms from the expansion. For all cases, dropped terms, if
small enough, are in actuality compensated for in the indeter-
minate model by the uncertainty term, Possibly the most
important reason for this simplification is not so much in
reducing the equation structure, but rather in what will be .
shown to be a detrimental effect by these minor terms on the

identification process itself. Brinati conducted an exam-
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ination of these equations and was able to separate a number

of minor terms. The results of his work were not verified

for this study because of time constraints, but were used

in the equation development.

Equating the resulting hydrodynamic structure with that

developed for a rigid body under constraint of maneuvering

in the horizontal plane, and solving for the acceleration

terms, leads to the following set of state equationse.

where,

H

u = fl/(m - xﬁ) {3020)
I I (3.21)
v =
fy
. (m - Y;r)f3 - (me - N;)fa
r = (3.22)
Ty
P Cau) + 5 X Caw? + 2 X Cauw)d v 2 x VP

2

1 2 1
+ ( 5 er + me)r + 3 xbbb + (er + m)vr + vavb

i 3 1 2
t Y v+ (Yr - mu)r + Ys6 + Z Ybbbb + 3 Yrvvrv

1 2
+ z vavﬁv
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1 3.1 2
3 No *+ Nv + (Nr - meu)r + Ngb + 3 Nepol®” * 2 L

'_h
fl

1 2
+ E Nbvv6V

It

f4 (m - Y;)(Iz - Nf) - (me - NG)(me - Yf)

Egse (3419), (3.20) and (3.21) then, describe the motions
of the vessel in the horizontal plane with three degrees of
freedome. Together, they form a set of state variables which,
along with the initial conditions of the probleﬁ, completely
describe the past, present and future motions for any given
input, This dynamic model is complete, except for these
initial conditions, and forms a sufficient set of equations

for the work of this study.

3.2 Sea-Trial Maneuvers

0f primary importance in any maneuvering trial is the
proper planning for that trial. Especially in the type of
identification process propesed here, it is necessary to know
what effect different maneuvers will have on the ability to
identify the different hydrodynamic coefficients. It is
desirable to know what measurements to make, which motions
to record under the various conditions of gradual accelerations,
sudden changes in velocity, steady state velocities or the

like.
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For these reasons, several different maneuvers were used
in this study and are described here. As stated earlier, the
only control surface considered in this work was the rudder
and it's deflections., This was incorporated intc the general

equations as the variable d.

3.2.1 Single-step Rudder Deflection

Formally, the single-step rudder deflection can be de

described as a step function of the form

0, t<O
o(t) {

8, t>0

6(t)

Graphically, this corresponds to the case where the vessel

goes into a const=nt turn in the steady state.
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Previous to the rudder deflection, all velocities and
accelerations are zero except u. However, u is an unmea=-
surable motion by conventional methods and for the most part
will be neglected. As the effect of the rudder deflection
is felt by the vessel, all velocity and acceleration terms
become non-zero until the ship reaches it's steady state
turning radius. At this point the acceleration terms ; and ;
have non-zero values for the remainder of the trial. For
large rudder deflections, a distinct speed reduction occurs

due to the tight turn.(z)

3e2.,2 Zig-zag Rudder Deflection

Again, this maneuver can also be formally described by

the step function,

0, t<0, t>200
b(t) = { 3, 0<t<100
-5, 100 <1< 200

&(t)

+6

0 100 200 t
-b

This definition is perhaps not completely realistic to real-

life situations at sea since no time-lag is incorporated into
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it’s structure. However, for the purposes of this study, it
is an acceptable representation.

Pictorially,

the vessel is seen to go intd one steady turn followed by the
opposite steady turn and finally achieving the new equilibrium
state of constant forward speed, though not necessarily at

the original orientation. Essentially there are three steady
state conditions during the maneuver. The situation for the
motion parameters in the steady state turns is identical to
that discussed for the step deflection. For the straight
ahead motion at constant speed, both the velocity and

acceleration terms are reduced to Zero.

3.243 Sinuscidal Rudder Deflections

This deflection is simply a sinusoidal motion of the
rudder with a maximum displacement corresponding to & and

with the specified peried, T,



L1

6(t) = b sin ot
+H +
o %
“'6 T
& T 2

The motions of the ship will follow the rudder deflection in

a sinusoidal manner, with a slight time lag.

The important point for this maneuver is that the velocity
and the acceleration terms are in a constant state of flux.
At no point during the trial, after to’ is the steady state
condition established for any of the motion parameters. This
gives the identification process a continually changing system
upon which to operate.

It is this maneuver which was used for much of this study.



Chapter IV

APPLICATION OF THE EXTENDED KALMAN FILTER
TO THE IDENTIFICATION FROBLEM

4,1 Compatibility Between the System and the Filter

In Chapter II, the concept of parametric identification
was developed as a means of system identification applicable
to those dynamic systems whose general structure was known,
but whose specific parameters or coefficients were unknown.

The structure of the indeterminate model was given as

x = £{x, g, p) * W (be1)
z =Hx +v (4a.2)

where the imprecision of the model is represented by the
uncertainty terms, w and v.

The utility of statistical filtering as a method for
solving the identification problem was shown and the equations
for the optimum linear filter, as developed by Kalman, were

given. These equations were extended to the non-linear form,

1% o
ir

L

%
-

[}~

s P) (4.3)

42
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% =% +EW (HEHT + R )TNz - HR)  (bot)
E = BE + EBT +Q_ (4.5)
E=E'-E'H (HE'H +R )™ HE (4.6)

The general model for an ocean vehicle was developed in
Chapter III for a surface ship moving in the horizontal plane

without roll,

" 7 B n
] fl/(m - Xﬁ) (4.7a)
O Y B L L) I
Ty
: (m - Y‘.r)f3 - (mx, - No)f, (4.7¢)
N . fl} -

where fl’ fz, f3 and fk are as before. Thig gives the general
structure of the system (a vehicle under maneuvering) and
identifies that system except for the hydrodynamic coefficients,
The initial conditions which specify the dynamic condition
of the system are those for which the equations were developed,
namely straight ahead motion under constant speed.

By combining these steps, the ability to use the extended

Kalman filter to identify the hydrodynamic coefficients of
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the equations of motion can be attained. First, however,
some minor changes must be made in the above development.

The state vector must be extended to the augmented state,
X = (xl' xzs ety xng pli pz! e, pm)

by the inclusion of the unknown coefficients, In this manner
the Kalman filtering technique which identifies, or more
correctly estimates, the state of the system can be used to
identify the coefficients under observation by including them
in the state vector.

The input function of the ocean vehicle is known and is
frequently a function of time. This removes the time in-
variant assumption in the structure of f. However, since the
function of time, u(t), is known, it can be incorporated into
the model and as stated earlier, is an acceptable alteration,.

These two redefinitions reduce eq. (4.1) to
X = i.‘(}-(’t) + ‘_V = B(t)E + E (4.8) g

which is compatible to that used in the definition of the
extended Kalman filter.

Finally, from the assumption of linear additive noise
contributions to the equations of state and measurement
function, the process and measurement noise covariance matrices,

Qn and Rn, reduce to that of the linear filter.
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o
il
o

¥rom these alterations, the system, a Mariner-class
surface vessel in maneuvering, and the identification tech-
nique, statisfical filtering, may be applied to the problem
at hand, This does not necessarily imply that statistical
filtering in particular or system identification in general
can lead to the complete specification of the system
structure, It does mean, however, that cne is now in a
position to apply the system to the technique and see wether

~

or not an identification capability does indeed exist.

4,2 Noise Generation and Incorporation

Up to this point, very little has been said concerning
the noise contributions, w and v, to the system stiructure
and measurement function. In Chapter II, one of the dis=-
advantages of the Kalman filter was stated to be that the
statistical characteristics of the uncertainty terms had to
be specified., This is true, though the estimation of these
characteristics for many cases is relatively straightforward.

The process noise, W, expresses the uncertainty in the
structure of the mathematical model. This arises from the

truncation of the Taylor series expansion for the hydro-
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dynamic structure of all terms over third order, It may also
incorporate any unknown contributions from the input function,
u{t), or any spurious deviations from the assumptions used

in developing the equations of state., Excitations from the
enviornment are also included in the process noise.

The output uncertainly is expressed as & measurement
noise, v. As for the process noise, this term includes all
unknown structural aspects of the measurement function, H.
For this study, since the measured output 1s assumed to
directly correspond to the actual state of the system, any
deviations from this linear correspondence are represented
by v.

The noise contributions are both treated in a similar
manner and are felt to be similar, statistically. Both are
assumed to be stochastic processes, with uncorrelated, zero-
mean, Gaussian white noise, The Gaussian probability density
function (PDF) for the uncertainty values is a reasonable
assumption for most physical systems., From the central limit
theorem of general probability theory, it can be shown that
the sum of a large number of independent effects has a
Gaussian distribution, regardless of the statistical properties
of the small effects individually. The uncertainty terms can
therefore be considered Gaussian in nature and treated as
random variables for simple incorporation into the model
structure.

These assumptions can be summarized as follows,
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w = E[w}] =0
v = Efy] =0
@ = E[ww']
R = E[vv ]

To be consistent with the work done by others in this
same area at MIT,(j)’(B)’(lé) the noise used for the generation
of simulated noisy data measurements to be used in the ident-
ification will be defined as a percentage noise value, For
the generation of noise with the desired Gaussian distribution
{see Appendix A - Program Desription), it is necessary to
specify both the desired mean and the standard deviation.
The mean is assumed to be zero by conventions The standard
deviation of the distribution will be defined as that specified
percentage of the maximum of the function under consideration.

Therefore,

is equal to that percentage of the maximum value of the func-

tion x, while
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is that percentage of the maximum value of the measured
output, X« The maximum values are attained from the tra-
jectory of the deterministic model (w = v = Q) over the
interval of observation.

This definition has several unfortunate aspects which
must be kept in mind. In particular, it should be apparent
that problems in specification will arise for those maneuvers
where the function is not uniform in magnitude, but rather
peaks for a short period during the trials For these cases,
the noise present will be specified by the percentage of that
maximum value, but will be added to function values substan-

tially lower in magnitude over the majority of the period.

Maximum value of g(t) used in
noise generation

g(t)

Average value over much of
the period

Fige 4«1, Imprecision in Noise Definition

In these cases, therefore, the actual noise present during

the identification process will be noticably larger than that
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specified, possibly by an order of magnitude or more.

4.3 The Identification Progess

Much of the actual implementation of the theory developed
up to this point is described in the Appendix., However, a
summary of the various steps leading to the results ofthe
next chapter should be of value at this time.

The state-space representation of the system was developed
in Chapter III and specialized for a surface ship moving with
three degrees of freedoms Theoretically, this leads to at
least nine primary state variables (xo, Yo WO, u, v, r, a,

Ve Ty 00) which could be measured during a particular
maneuver, In reality this is not the case. Some of these
variables can not be recorded at all during full-scale
trials, while others require special devises not normally
available on-board ship during maneuvers, Those variables
which could be readily recorded by traditional methods are
yaw velocity, r, and angle, ¥, along with the sway acceleration
v, actually (;'i-ruo) « A general program dealing with nine
primary state variables was developed, but most of the
identification studies deal with these three variables -

r, ¥, and v, Indirectly, the sway velocity, v, was also
incorporated, Use of an integrating accelerometer on-board
shlp, while not permitting direct measurement of v, would
give an indirect record of the sway velocity which could be

used in the identification by the filter. Thus, for this
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study the state vector is defined as,

« N <q

<e

There may be a problem arising from the dependence of v upon
the measured acceleration, v, though in this study it did not
become readily apparent,

Equations for each of the primary state variables can
be derived from eq. (4.7) - v directly from the definition
and v,r and ¥ from the integration of their respective

equations.,

ts
v = ./rﬁ at
Ty
s
r = 5 dt
121

t
Vo= J/;'dt
¥

Using these state variables, the remaining steps in the

identification process can be summarized as in Table 4~1.
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For this study, the noisy data had to be generated within

the program itself before 1t could be processed,

STEP 13 Generate the noisy sea-trial data,

X =B(t)x + ¥

z = Hx + v

STEP 23 Propagate the estimated state and error
covariance matrices over one time step,

x = B{t)X
z = HX
-m -

E =BE +EBT +Q
STEP 3: Calculate the Kalman filter gain matbix,
K = EH® (HEH' + R)~?

STEP 4 Update the estimated state and error
covariance matrices at the end of the step,

”~ "
' =x *K(z-2z)

E' = E -~ KHE
STEP 5¢ Set the updated state and error covariance
matrices as the new estimates and repeat

STEPS 2 through 5 until the end of the
identification process,

Table 4-1 Summary of the Computation Steps



Chapter V

RESULTS OF THE IDENTIFICATION PROCESS

The application of the theory developed in Chapters 1l
and III to the problem of identifying the coefficients for
a Mariner-class surface vessel was shown in the last chapter.
The equations for the extended Kalman filter were given in
Table 4-1 as steps of a procedure for their computation.
What remains is for the theory to be tested on the system
and see if indeed this technique for systems identification
is valid under the given conditions.

A program was deloped to do these tasks using the MIT
IBM 370/168., It is listed in the Appendix, along with a
detailed description of it's use and function. The reader
is referred to this section for those details. However, a
few brief points are in order at this time.

An attempt was made to keep the program as general as
possible, requiring only a change in the input to enact
wholesale alterations in the structure of the identification.
For the most part, this was accomplished. There remains
some card shifting to enable the user to select different
measured state variables, but for choices in coefficients
identified, trial types and lengths and the like, only a

variation in the data deck is necessary.

52
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There are a multitude of different control combinations
which may be employed in the identification process. This
is simultaneously a blessing and a curse. The results depend
on the judicious choice of trial conditions. The identifi-
cation of a certain coefficient may be attained with good
results under one set of conditions, but with totally negative
results under different circumstances. Fortunately, there
are so many conditions under which a trial may be run that
it is possible to mix and match until a certain combination
gives the desired results.

This plethora of choices makes a final verdict on the
identification difficult., Most of the work done for this
pro ject was devoted to developing the computer program., Very
little actual analysis could be completed. Therefore,
o say that, based upon the sample of results given here,
jdentification is either good or bad is unrealistice. The
best set of operating conditions were not éxamined.

The raison d'€tre for this chapter is gimply to show
the possibilities and capabilities of the program, no more.
Trends may be observed, Hopefully, these will be of help
later in developing a detailed analysis useful in designing
full-scale trials, Again, however, it should be emphasized
that these results are neither representative nor optimal.
They are simply the results for the given set of conditions
under which the system operated.

What are these trial conditions which may be system=-
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atically altered? A partial list, some of which will later

be illustrated, include:

i)

ii)

iii)

iv)

v)

vi)

vii)

viii)

ix)

x)

Variation in the uncertainty or noise term,

measurement and/or process noise

Variation in what the filter is told concerning

the amount of noise (noise exaggeration)

Estimates of the coefficient values and the

standard deviations of those estimates

The number of coefficients processed at one

time, as well as their combination

The number and characteristics of the measured

primary state variables
The type and magnitude of maneuver

The length of the period of observation

The time increment between observations
Second and third generation identifications

Flexibility in using results of sets of
maneuvers, each identifying those coefficients

for which it is best suited.,

Obviously, the choices are many., To best observe the

capabilities of this technique, all the above possibilities
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should be explored systematically. Neither time nor finances
permitted doing so for this study. Consequently, it was
decided to simply show some results and possibly indicate
some trends and/or difficulties in using the program.

An attempt was made to keep all conditions, save one,
equal during each trial. In each case, only four coefficients

were studied.

v (12), (Nr - meu) (13)

Y (6), (Y, -m) (7), N

v

These were choSen because they represent the coefficients
used in determining the criteria for dynamic stability in
straight line motion (see Chapter I)., They are four of
the most critical coefficients., Being able to successfully
identify these would be a measure of the overall success
of this technique.

Additionally, for each case the noise level was kept
constant for both the process and measurement noise, When
reference is made to 5% noise level, both measurement and
process noise are at 5%.

It was felt that identification to within 10% of the
true value could be classified as successful. This

specification was used in andysing the following results.
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5.1 A Typical Identification (Control)

The best results were found to occur when a sinuscidal
rudder deflection of 10° was used in conjunction with the
four measured primary siate variable - v, r, ¥ and ve ™This
run is an illustration of these results, The conditions
under which it ran, namely 5% noise, 376 second trial, no
noise exaggeration and four primary state variables, are the
controlling cases for the runs which follow. For some
however, mcre than one condition had to be varied., In most
runs, the time increment was one second. In this case, the
increment had to be increased to two seconds. For smaller
increments the filter became unstable.

As can be seen, the results are really quite impressive,
with all identifications to within 24 of the accepied true

value, except for YV at a respectable 6% .
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SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: ZIG-ZAGy WITH SINUSCIDAL RUCCER
NDEFLECTIONS COF PERICD 20C.C SECONDS AND
MAXIMUM DEFLECTICNS CF 10.0 DECREES

) NOISE LEVEL: MEASUREMENT NOISE - 5%
PROCESS NCISE -~ 5%
EXAGGERATED NCISE FACTOR: 1.0

TRIAL PERIOD: 376 SECCNDS

TIME STEP: 2,0 SECONDS

[}

- ' NUMBER OF PRIMARY STATE VARIABLES: 4

- NUMBER OF COEFFICIENTS IDENTIFIED: 4

(NCN-LINEAR MQODEL)

e

Table 5-l1a Conditions for the Typical Identification
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Fig, 5-1a Filtered States from Typical Identification
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MP = 173 TRUE VALUE =  -0.32510F+10
SV = —=0,22752D+10 + OR - C.67581D+(9 {N_ - meu)
FV = =C.33036E+10 + CR - 0.67285E408

IDENTIFICATION WITHIN 1.62% CF ThE TRIE VALUE,

NP = 12 TRUE VALUE =  -0.97735E+(7
SV = =0.68414D4C7 + CR -  C.29221D+C7 N,

FY =  -~0.964C8E+07 + CR -  C.27363E+06

IDENTIFICATION WITHTN 1.36% OF THE TRUE VALUE,

NP = 7 TRUE VALUE =  -0.185C8E+(E

SV = =0.12955D408 + CR -  0.555250407 (Y, - mu)
FV = -0.18497E408 + OR -  0.26B18E+(6

IDENTIFICATION WITHIN 0.06% OF THE TRUE VALUE.

NP = 6 TRUE VALUE =  -0.81515€+05

SV = ~0.,57060D405 + OR =  (.24454D+(5 Y,

FV =  —0.76T91E+CS + CR -  (.13076E+04

IDENTIF ICATION WITHIN 5,798 OF THE YTRUE VALUE.

Table 5-1b Coefficient ldentification for the Typical Case
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5.2 VYariation in the Maximum Rudder Deflection

The magnitude of the maximum rudder deflection for the
same sinusoidal zig-zag maneuver was increased to a strongly
non«~linear 350. The time step had to be increased to two
seconds as before, for filter stability. The identification
was successful for Nv and (Nr - meu) only. The remaining
two coefficients were not determined. It should be noted
that the identification process zeroed in on a value for each
coefficient, even though for Y, and (Yr - mu) that value was
incorrect. This consequently was shown as undeserved
confidence in the values as shown by the final standard
deviations,

The motion trajectories are seen to be well defined
after filtering. This, in conjunction with the poor
identification of Y, and (Yr - mu) implies that these two
coefficients do not overly affect the ship's motions. " The
result of this is the inability of the filter to operate

successfully undar these conditions.
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SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: ZIG-ZAG, WITH SIANUSOICAL RUDDER
DEFLECTICNS OF FERIODR 20¢0,0 SECONDS AND
MAX IMUM DEFLECTICNS OF 35.0 DEGREES

" NGISE LEVEL: MEASUREMENT AOISE - 5%
PROCESS NCISE - 5%
EXAGGERATED NCISE FACTCR: 1.0

TRIAL PERIOD: 376 SECCENDS

TIME STEP: 2,0 SECCHKDS

NUMBER OF PRIMARY STATE VARIABLES: 4

NUMBER OF COEFFICIENTS IDENTIFIED: 4

{NCN-LINEAR MCDEL)

Table 5-2a Conditions for the Variation in Rudder Deflection



(RRE./SEL. T

TRH VELDCITY

-. L3

{(FT./SEC.}

SHRY VELOCITY

Rk

Les

L2l

L)

(FT,/9EC. /5EE

-~
+

[RARDIRNS:

TRW RANGLE

MERSUREMENT NRISE - G52

PRCCESS NEISE ~ G

Fige 5-2a Filtered States

- Variation

WRY RCCELERGTICN

1
4ot
T T T T L] 1 1
[ S e 158 20T 257 e ane Yoo
TIME (SEC .9
FILTERED STSTE
NZIOY SIRTE OO0
2EQr JINE L.
in Maximum Rudder Deflections

€9



—
PRI

T T T
J8L5- SeEg- R RS
A1 3NTYA INTIITA4302

r
JIEh-

T T T
Jaie- Johi- 3048

(01 IATYA LNI1IT4430)

jeteulif o

F T T T b
2a0e- 2394~ g2t~ daLt 32022~
g1 3INTYA INITITA4302

—

i 1 T 1 had

Jigzz- o852~ 33362~ Ja%eE Z3.8e-
01 INTYA IN3II1A4430D

IRENTIFILGTICH

~ G&

MESSUREMENT NCISE

TRUE VRALUT

5%

PAECESS NEISE -

6l

ion

the Maximum Rudder Deflect

in

iation

.

ts - Var

jcien

Fige 5-2b Coeff



65

NP = 13 TRUE VALUE = -0.32510F+ 1L
SV = —-0e227520+10 + OR - C.975810+09 (Nr - meu)
FV =  =0,33229FE+10 + CR = 0.60134F+08

IDENTIFICATION WITHIN 2.,21% OF THE TRUE VALUE,

NP = 12 TRUE VALUE =  =0.,S773S5E+(1
SV =  —0.68414D¢07 + CR - 0293210407 Nv

FV = =0,91301E£407 + CR =~ 0.22C05E4C¢€

IDENTIFICATICN WITHIN 6,532 OF THE TRUE VALUE,

NP = 7 TRUE VALUE = -C,1ES5CBE+(CE

SV = -0,12955D+08 + CR - (.55525D+07 (Yr -~ mu)
FV = —0.14113E+408 + CR - 0+23044F406

IDENTIFICATION WITHIN 23,75% OF THE TRUE VALUE,

NP = 6 TRUE VALUE = -0.81515F+0%

SV =  ~0,57060D+05 + CR - £.24454D4+05 yv

FV =  —04€4299E+05 + CR - Ce92124E403

IDENTIFICATICN WITHIN 21,122 CF THE TRUE VALUE.

Table 5-2b Coefficient Identification for the Variation
in Maximum Rudder Deflection
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" 5.3 Variation in the Trial Iength

One of the important aspects of any maneuver is the
length of the trial over which observations are taken. This
case is an investigation of that variable condition. For
this run, the two second time increment was continued for a
752 second pericd. Twice as many observations and therefore
twice as many revaluations were made as before. The results
are essentially the same as before for N and (N, - mx;u),
but are substantially worse for the remaining coefficients.

This trial is basically two trials, one after the other.
It probably could be considered similar to a second generation
identification. After 376 seconds, the filter works on the
new estimates with the newly derived error covariance matrix.
The trial does not change, being a sinuscidal function of
time. However, looking at the values at t= 376, they do not
appear to correspond with those given in the previous trial
over 376 seconds under the same conditions.

The 1engthehing of the trial is felt to be more appro-
priate to those maneuvers such as the step zig-zag trial
where the maneuver over the second half of the trial is
different from that of the first half. In this way, two
aspects could be studied, the large variation identification
followed by the steady state identification. Results under

these conditions may be more useful.
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SYSTEF: MARINER-CLASS SURFACE VESSEL

MANELVER: ZIG-2AG, wIT# SINUSCICAL RUCCER
DEFLECTICNS CF PERICD 2CC.C SECONCS ANC
MAXINMUM CEFLECTICNS CF 1C.C CEGREES

NCISE LEVEL: MEASLREMENT NCISE - 52
PRCCESS NCISE ~- 52
EXAGGERATED NCISE FACTCR: 1.0

TRIAL FERICE: 752 SECCNLS

TINE STEP: 2.0 SECCKES

MUMPER CF PREMARY STAYE VARIABLES:S 4

NUMEER CF CCFFFICIENTS IDENTIFIED: 4

(ACN-LINEAR MCCEL)

Table 5-3a Conditions for the Variation in Trial Length
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NP = 13 TRUE VALLE = =C.3251CE+IC
SV = -0.22752C+10 4 CR -  C.97SBIC4CY (N, - mx;u)
FV = ~C.3269CE+41C + OR -  C.S5C136E+08

ICENTIFICATION WITHIN 1,482 CF THE TRUE VALUE.

NP = 12 TRUE VALUE = -C.97735E+407
Sy = -0.68414C+407 + CR - 0.25321C+07 N,
FV = ~C.1CC28E+4C8 + OR - C.21182E+C6

ICENTIFICATICN WITHIN 2.60% CF THE TRUE VALUE.

NP =7 TRUE VALLE = -C.185CEE+Ce
SV = -0.129550408 + OR -  0.55525C+07 (Y, - mu)
FV = —C.16625E+C8 + OR -  C.251G6E+Cé

ICENTIFICATICAN WITHIN 10.18% CF THE TRUE VALUE.

NP = ¢ TRUE VALLE = ~-C.81515€+CS
sy = -0.57060C405 + CR - 0.24454C405 Yv
FV =  —C.¢8C98E+4C5 + OR - C.11C08E+C4

ICENTIFICATION WITHIN 16.46% (¥ THFE TRUE VALUE.

Table 5-3b Coefficient Identification for the Variation
in Trial Length
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5.4 VYariation in the Time Increment

It had originally been felt that an increase in accuracy
by the filter would occur directly in proportion to the number
of observations used in the process. The result illustrated
by this case was therefore somewhat surprizing, Only 94
observations on the system were made, with a full four seconds
between points. Yet, the results are on the average as good
or better than those using twice the number of observations.
Two to three percent is excellent and was observed for each
coefficient except Nv' which was even better at less than
one percent off the accepted true value. Even more encour-
aging 1s the appearance of the filtered states for each of
the primary state variables. The plot for v does not have
the characteristic deviation around 100 seconds which was
seen on several other trials,

An added benefit from this observation is the substantial
savings in computer time and therefore dollars., Only a
quarter of the calculations need be made as from the one

second trials,
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SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: Z1G-ZAGy WITH SINUSOICAL RUDDER
DEFLECTIONS OF PERICD 200.0 SECONDS AND
MAXIMUM DEFLECTIONS OF 10.0 DEGREES

NOISE LEVEL: MEASUREMENT NOISE - 52

PROCESS NCISE -~ 5%
EXAGGERATED NOISE FACTOR: 1.9
TRIAL PERIOD: 376 SECCNDS
TIME STEP: 4,0 SECCNLS
NUMBER OF PRIMARY STATE VARIABLES: 4

NUMBER OF COEFFICTENTS IDENTIFIED: 4

{NCN=~LINEAR NMCDEL)

Table 5-4a Conditions for the Variation in Time Increment
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NP = 13 TRUE VALUE = -0,32510E+410
SV = -0.227520410 + OR —  0.575810409 (N, - mxqu)
EV = -0.31749E410 + OR -  0.S7564E+C8

IDENTIFICATION WITHIN 2.343 OF TEE TRUE VALUE.

NP = 12 TRUE VALUE =  =0.S7735E+(7
SY = —-0.68414D+07 + CR - 0.29321C+C7 N,
FV = ~0.96934E+07 + OR - C.42230E4CE

IDENTIFICATION WITHIN 0,822 OF THE TRUE VALUE,

NP =T TRUE VALUE = —0.18508E+CE
SV = =-0.12955D4C8 + CR -  0.55525D407 (Y, - mu)
FV = -0.17908E+08 + OR -  0.62208E¢C6

ICENTIFICATION WITHIN 3.24% OF THE TRUE VALUE.

NP = é TRUE VALUE = -0.81515E+CS
SV =  ~0.57060D+05 + OR -  0.24454D4C5 1,
FV = ~-0.83280E+05 ¢ OR -  0.28920E+04

IDENTIFICATION WITHIN 2,172 OF THE TRUE VALUE.

Table 5-4b Coefficient Identification for the Variation
in Time Increment
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5¢5 Variation in the Number_ of Observed Primary State

Variables

Qccasionally, it may be necessary to alter the number
of measured motion parameters., It may not be possible to use
the integrating accelerometer, or possibly only r and ¥ can
be measured under the operating conditions of the trial,

For this run it was assumed that v could not be attained.
The measured variables are therefore decreased to three in
number = v, r and V.

As expected, the results are not as accurate as those
obtained when there was more information fed into the filter.
S5till, all coefficients are in the range of being classified
as identified, Except for (Y, - mu), the difference in
accuracy is approximately a factor of two. For (Yr - mu)
the identification was substantially diminished for no other
reason than the fact that in the original case, the coefficient

was fully identified.,
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SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: ZIG-ZAG, WITH SINUSOIDAL RUDDER
DEFLECTICNS OF PERICD 200.0 SECONDS AND
MAXIMUM DEFLECTIQONS OF 10,0 DEGREES

NDOISE LEVEL: MEASUREMENT NOISE - 5%

PROCESS NCISE - 5%

EXAGGERATED NOISE FACTOR: 100

TRIAL PERIOD: 376 SECONDS

TIME STEP: 1.0 SECONDS

NUMBER OF PRIMARY STATFE VARIABLES: 3

NUMBER OF COEFFICIENTS IDENTIFIED: 4

{ NON-LINEAR MODEL)

Table 5-5a Conditions for the Variation in the Number of
Measured Primary State Variables

77
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Fige 5=-5b Coefficients - Variation in the Number of Measured State Variables
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NP = 13 TRUE VALUE =

Sv = -0.22752D+10 + 0OR -
FVv = =2 30T754E+10 + OR -
ICENTIFICATION WITHIN 5,40%
NP = 12 TRUE VALUE =

Sv = -Ue68414D4+37 + 0OR ~
Fv = —0.52BTI9E+0T7 + 0OR -~
IDENTIFICATION WITHIN 4,97%
NP = 7 TRUE VALUE =

Sv = -3,12955D+238 + OR =~
FV = -0, IT107E+08 + OR -
IDENTIFICATION WITHIN 7,57%
NP = 6 TRUE VALUE =

Sv = =0.57060D+05 + QR -
Fv = -0.73271E+05 + 0OR -

~0o32510E+14
0.97581D+09

D:42554E+08

OF THE TRUE VALUE.

-0, 977356407
Ue293210+07 I,

J.21235E+06

OF THE TRUE VALUE,

-0.,18508E+08
Ne55525D+07

Ue 33004E+06

OF THE TRUE VALUE.

~(.81515€E+05
N.24454D+05 N

06 19169E+04

IDENTIFICATION WITHIN 10,11% OF THE TRUE VALUE.

Table 5~5b Coefficient Identification for the Variation

in the Number of Measured State Variables

(Nr - meu)r

(Yr - mu)
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5.6 Variation in_ the Maneuver

As discussed earlier, one is not limited to the sinusoidal
zig-zag maneuver in the identification trial., Any number of
different maneuvers can be developed, many already in current
use.s Two are shown here. These are the single~step rudder
rudder deflection and the zig-zag maneuver with step rudder
deflections. A discussion of the characteristics of each
trial is given in Chapter IV, As indicated, v cannot be one
of the measured variables for the case of the step zig-zag
deflections. For this reason it was decided to continue the
policy of the last case, inputing values of v, r and ¥ only
to the filtering processs The results are best compared to
the previous case where the sinusoidal maneuver is used,
again measuring but three motion parameters.

The zig-zag step deflection is seen to give resultis s
similar to the sinusoidal case, The value of (Yr - mu)
improved by several percentage points; while that of Nv was
much worse. The filter again seems to have settled down
after 200 seconds to a particular value, A high degree of
confidence in that value is shown, even though it is not as
accurate as might be expectede It should be noted that after
200 seconds the maneuver settles down to a steady state and
no longer inputs a variation in the motion to the filter.

The case of the single step deflection is disappointing.

There was no identification at all. In the case of the co-
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efficient (Yr - mu), the final value was even worse than the
initial estimate. The identification process for N, and Yv

settles down to a final value very quickly, after just 75

seconds., Again, it is at this point that the velocity has

reached it'’s steady state value., There is no further

variation in v over the rest of the period.
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#* PARAMETRIC IDENTIFICATION - EXTENDED KALMAN FILTER %
* %

iz 24 3 e ok 0 e ol ¥ 3 2k Ak 3 e e e o e e o o ol ofe e ie o o e e ol K o 3 ol 3 ol 2 ¢ 396 e ke e ok e afe e e 3k e e e e

SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: Z2IG-ZAG,WITH STEP RUDDER
DEFLECTIONS OF 10.0 DEGREES AT
TIME T=100 AND T=200 SECCNDS

NOISE LEVEL: MEASUREMENT NOISE - 5%

PROCESS NUOISE - 5%

EXAGGERATED NOISE FACTOR: 1.0

TRIAL PERIOD: 376 SECINDS

TIME STEP: 1,0 SECCNDS

NUMBER OF PRIMARY STATE VARIABLES: 3

NUMBER OF CGEFFICIENTS IDENTIFIED: 4

(NGN-LTNEAR MODEL)

Table 5-6a Conditions for the Variation in Maneuver
(Zig-zag Step Rudder Deflection)
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NP = 13 TRUE VALUE = -0432510E+10
SV =  -0.,22752D+10 + DR - D.97581D+09 (Nr - meu)
FV =  ~0030418E+10 + OR - 0o 55280E+08

IDENTIFICATION WITHIN 6.43% OF THE TRUE VALUE.

NP = 12 TRUE VALUE = -0o 97735E+07
Sy = -0e.68414D+07 + OR - 0.29321D+07 Nv
FV =  ={i48577TLE+037 + 0OR - Ne346STE+D6

IDENTIFICATION WITHIN 12.24% OF THE TRUE VALUE,

NP = 7 TRUE VALUE =  =0,18508E+08
SV =  -Ue12955D¢08 + OR - 0.555250+07 (Yr - mu)
FV =  =0,17090£+08 + OR - 0+32648E+06

IDENTIFICATION WITHIN 7.66% OF THE TRUE VALUE.

NP = & TRUE VALUE = =0.81515E+05
Sv = =3.570600+35 + OR =~ De244540+405 Yv
FVv = 0o T4825E+05 + [OR =~ 0s39778E+04

TDENTIFICATION WITHIN 8,21% OF THE TRUE VALUE.

Table S5-6b Coefficient Identification for the Variation
in Maneuver
(2ig~Zag Step Rudder Deflection)
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* %
* PARAMETRIC IOENTIFICATION - EXTENDED KALMAN FILTER %
* *

e ook e 3k ok 2 o o 3 e 3 3o o e 2 e e oK e ke oo ofe e o o ok ook ok ok ook R R o ok ok kol R o
SYSTEM: MARINER-~-CLASS SURFACE VESSEL

MANEUVER: STEP RUDDER DEFLECTION AT T=0
MAXIMUM DEFLECTION OF 10.0 DEGREES

NOTISE LEVEL: MEASUREMENT NOISE - 52

PRJICESS NOISE - 5%
EXAGGERATED NOISE FACTOR: 1.0
TRIAL PEREICD: 376 SECONDS
TIME STEP: 1.0 SECONDS
‘NUMBER CF PRIMARY STATE VARTABLES: 3

NUMBER OJF CCEFFICIENTS IDENTIFIED: 4

{NCN-LINEAR MODEL)

Table 5-6¢ Conditions for the Variation in Maneuver
(Single-Step Rudder Deflection)
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NP = 13 TRUE VALUE =  -0.32510E+10
SV = ~0.,22752D+410 + DR -  0.97581D+09 (N, - mxsu)
FV =  -0.23889E+10 + OR -  0.66537E+09

IDENTIFICATICN WITHIN 26.,52% OF THE TRUE VALUE.

NP = 12 TRUE VALUE = =00 97735E+07
SV = -0.68414D407 + OR - 0+293210+07 N,
Fv =

=02 T266TEHDT + OR - Dae19924E+07

IDENTIFICATION WITHIN 25.65% OF THE TRUE VALUE,

NP = 7 TRUE VALUE = -0,18508E+08
SV = -0.12955D+08 + OR -  0.55525D+07 (Y, - mu)
FY = -0,1178GE+H8 + OR - 0.4T030E+D7

IDENTIFICATION WITHIN 36,30% OF THE TRUE VALUE.

1

NP = 6 TRUE VALUE = -0.81515€+405
SV =  =0.57060D+05 + 7R - 0e24454D+05 Y§
FV =

-0059769E+4+05 + OR - Qe 99413F +04

IDENTIFICATION WITHIN 26.68% OF THE TRUE VALUE.

Table 5-6d Coefficient Identification for the Variation
in Maneuver _
(Single-Step Rudder Deflection)
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5.7 Variation in the Noise Level

This run was made to see how the filter would react to
large gquantities of noise (25%) in the measured input. For
the most part, these results are encouraging. All coefficients
were identified except one, Nv, and the identification of Yv
and (Yr - mu) is as good as that determined under low noise
conditions. Seeing the amount of scatter in the measured
data, it is remarkable that any accuracy, much less good
identification, can take place., More noise was not run
since that did not seem realisticj lesser quantities should
exhibit the same results.

It will be seen that these values may be improved upon
by resubmitting the final estimate to the filter and re~-

processing the information.
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* PARAMETRIC IDENTIFICATION - EXTENDED KALMAN FILTER *
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SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: ZIG-ZAGy WITH SINUSOICAL RUDDER
DEFLECTICNS OF PERIOD 2CCs0 SECCNDS AND
MAXIMUM DEFLECTIONS OF 10.0 DEGREES

NOISE LEVEL: MEASUREMENT NOISE - 25%

PROCESS NOISE - 25%
EXAGCERATED NOISE FACTOR: 1.0
TRIAL PERIOD: 376 SECONDS
TIME STEP: 1.0 SECGNDS
NUMBER OF PRIMARY STATé VARITABLES: %

NUMBER OF COEFFICIENTS IDENTIFIED: 4

(ACN-LINEAR MODEL)

Table 5-7a Conditions for the Variation in Noise Level
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NP = 13 TRUE VALUE =  =(.32510DE+10
SV =  —0e22752D+10 + QR - 0e 975810409 (Nr - meu)
FV = -0.,2G58B1E+10 + OR - D.17636E+09

ICENTIFICATION WITHIN 9,01% OF THE TRUE VALUE.

NP = 12 TRUE VALUE = -0.97735E+407
SV =  ~0.68414D+07 + OR -  0.253:1D407 N,

EV =  -0.79114E+37 + OR - 0.71223E+06
IDENTIFICATION WITHIN 18.05% OF THE TRUE VALUE.

NP = 7 TRUE VALUE = —0o.185CRE+08

SV = -0.12955D+08 + OR - D.555250+07 (Y, = mu)
FV =  —0.18142E+08 + OR - Qo 7184 TE+06
ICENTIFICATION WITHIN 1.,98% 3F THE TRUE VALUE.

NP = 6 TRUE VALUE = —0o81515E+05

SV = -0.57C6(D+05 + OR - 0e24454D+G5 1,

FV = —0o86228E+05 + OR - 0.31756E+04

TCENTIFICATICN WITHIN 5078% OF THE TRUE VALUE.

Table 5-7b Coefficient Identification for the Variation
in Noise Level
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58 27 Generation Identification

One of the hoped -for capabilities of this system was
that, even if the identification over the original pass was
not as good as expected, the data could be resubmitted and
processed again using the new estimates,

This run was the test of that hypothesis. The data
obtained from the 25% noise run was resubmitted, Each
coefficient except one showed an increase in accuracy. The
remaining coeficient, (Yr - mu), had been identified to within
two percent on the previous pass, It should be noted that
Yv is essentially equivalent, percentage-wise, after the
second pass to the first value. Apparently, the improved
identification will take place only if first pass yields
results more than five percent off the true value. If the
identification is within five percent, the filter will become
unstable and inaccuracy results. At any rate, this does
indicate that the coefficient values can be re-evaluated.

As seen here, after two passes the results from a 25 % noise
level can be made to within five or ten percent of their
true valuese. This should be valuable for future

considerations.
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* PARAMETRIC IDENTIFICATICN - EXTENDED KALMAN FILTER *
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SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: 2IG-ZAG, WITH SINUSOICAL RUDDER
CEFLECT ICNS OF PERIGD 20C.0 SECONDS AND
MAXIMUM DEFLECTIONS OF 1G.0 DEGREES

NOISE LEVEL: MEASURENMENT NQISE - 25%

PROCESS NOISE -~ 252

EXAGGERATED NCISE FACTOR: 1.0

TRIAL PERICD: 376 SECONDS

TIME STEP: 1le0U SECCNDS

NUMBER OF PRIMARY STATE VARIABLES: 4

NUMBER OF COEFFICIENTS IDENTIFIED: 4

(NCN-L INEAR MODEL)

Table 5-8a Conditions for the Second-Generation Identification
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100

NP = 13 TRUE VALUE = ~0+32510E+10
SV = -0.255810+10 + OR - D.17626D+C9 (Nr - meu)
Fv = ~0e30434E+10 + OR =~ 0.10937E+09

IDENTIFICATION WITHIN 64393 OF THE TRUE VALUE.

NP = 12 TRUE VALUE = ~0.97735E+07

SV = =0.79114D407 + DR - 0.190000+07 Nv
Fy = ~Ca90214E+07 + OR - 0+ 50569E¢06
IDENTIFICATION WITHIN 7.70% OF THE TRUE VALUE.

NP = 7 TRUE VALUE = -0.18508E+08

Sv = ~0.18142D0¢08 + OR - 0.71847D#06 (Yr - mu)
FVv = -~0416524E+08 + OR - 0.488712E+06
TDENTIFICATION WITHIN 10.72% OF THE TRUE VALUE.

NP = 6 TRUE VALUE = -0.81515E+¢05

sV = -00 86228D+05 + 0OR - 0e31156D¢+04 Yv
FVv = -Ge7T134E+05 + OR - G.22458E+04

ICENTIFICATICN WITHIN 5.37% OF THE TRUE YALUE.

Table 5-8b Coefficient Identification for the Second-
Generation Identification
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569 Nolse Exaggeration

Similar to introducing large noise values in the input
data is the exaggeration of that level of noise present, be
it high or low. This type of variation probably should be
reserved for special situations. With the case given here,
other cases were run using normal maneuvers with a one second
time step and no exaggeration. As stated earlier, the filter
became unstable for these runs and no identification was
possible, However, it is seen here that by telling the filter
that the noise level was higher than it actually was (25 times),
some results were obtained. Granted, they are not very good,
but compared to the case without exaggeration, namely no
results, they are a substantial improvement,

A similar situation occcurred when the noise level was
very low {i%). By telling the filter that more noise is
present than is actually the case, it remains stable and the
identification process proceeds to completion,

Having a factor of 25 is probably excessive. A smaller
factor of five or so should do the job just as adequately

while not affecting the realism of the situation,
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* PARAMETRIC IDENTIFICATION - EXTENDED KALMAN FILTER *
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SYSTEM: MARINER-CLASS SURFACE VESSEL

MANEUVER: 21G-ZAGy WITH SINUSOILAL RUDDER
DEFLECTIONS OF FERIOC 200.0 SECONDS AND
MAXIMUM DEFLECTIONS OF 10.0 DEGREES

NOISE LEVEL: MEASUREMENT NOISE - 52
PROCESS NOISE - 5%

EXAGGERATED NOISE FACTOR: 25.0

TRIAL PERIOD: 376 SECCNDS

TIME STEP: 1.0 SECCNDS

NUMBER OF PRIMARY STATE VARIABLES:ﬁ 4

NUMBER CF COEFFICIENTS IDENTIFIED: 4

(NCN-LINEAR MCDEL)

Table 5-9a Conditions for the Variation in Noise:Exaggeration
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NP = 13 TRUE VALUE = -0,32510E¢10
SV = -0.22752D+10 + OR -  0.575810+09 (N, - mx;u)
FV = -0,28711E+10 + OR -  0.15690E+09

IBENTIFICATION WITHIN 11.69% OF THE TRUE VALUE,

NP = 12 TRUE VALUE =  =0.97735E+C7
SV =  -0.68414D407 + OR - 0.293210407 N,
FV = -0.78529E+C7 + OR - C.TI381E+CE

IDENTIFICATION WITHIN 19,65% OF THE TRUE VALUE,

NP = 7 TRUE VALUE = -(C.185CBE+(E
SV = -0,129550+08 ¢ OR -  0.55525D+07 (Y, = mu)
FV = -0.17238E408 + OR -  0.62796E+06

ICENTIFICATION WITHIN 6.86% OF THE TRUE VALUE,

NP = 6 TRUE VALUE = -C.81515E+05
SV = -0.570600+05 + CR -~  0.24454D+05 I,
FV =

-0.76L17E+05 + CR -~ 0.32170E+04

IDENTIFICATION WITHIN 6,62% OF THFE TRUE VALUE,

Table 5-9b Coefficient Identification for the Variation
in Noise Exaggeration



Chapter VI

SUMMARY AND CONCLUSIONS

This study was concerned with the application of a
particular technique in systems identification to ship man-
euvering analysis and ultimately to ship design.

The technique used here was an extension of the Kalman
statistical filter. Statistical filtering is a powerful
method of systems identification which provides estimates on
the state of the system based on both statistical and phys-
ical properties of that system. Kalman developed an optimum
linear filter to be used in the identification of linear
systems. Brock showed how this linear deriwion could be
extended 1o the non-linear case., It was this non-linear
extension of Kalman's filter that was used in this work.

The specific system under consideration was a surface
vessel operating in the horizontal plane without roll, with
particular application to the Mariner=-class hull form.

The model used for describing systems of this type was deve
eloped by Abkowitz as an extension of Newton's Laws of Motion
using the vector calculus, and an expansion of the hydrodynamic
forces present into a Taylor series. This resulted in a set
of partial differential equations describing each motion

comporient of the ship. The general structure of these equations
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is specified for all systemsj the coefficients to these
equations are de termined by the type of system under obser-
Vation.

The problem statement for this thesis concerned the
identification of these constant coefficients, given the gen-
eral structure of the equations describing the motions of the
lsystem, and noisy recorded responses for the system under
maneuvering.

Traditional methods exist for identifying the hydro-
dynamic coefficients, Primarily these consist of either
specification from hydrostatic and hydrodynamic theory, or
estimation from model tests done in the towing tank. Theory
is capable of calculating only a few of the coefficients,
Model tests, because of scale effects inherent to this type
of testing, are incapable of accurately determining all co-
efficient values, particularly the non-linear terms.

By applying the systems identification methodology
described here to the Mariner-class vessel, very good results
were obtained for the identification of the hydrodynamic co-
efficients, For numerous cases, under a variety of conditions,
results to within at least 10 § of the accepted values were
obtained, By carefully specifying the conditions under which
the maneuver was run and the filter activated, the estimates
to the coefficient values were within 1§~ 2% of their true
values,

The conditions to be used in a maneuver and the subsequent

filtering of the noisy data have a very strong effect upon
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the final results in the identification. Thus, in this study
it was shown that essentially no identification resulted from
running the simulated trial with a single-step rudder deflectione.
However, by changing to a sinusoidal rudder deflection, keeping
all other conditions constant resulted in excellent accuracy
for the identification.

A discussion of the pertinent results appears in Chapter V,
However, several of the more important observations shall be
repeated.

For the limited analysis given here, it was found that
the sinusoidal maneuver gave the gonsistently better results.
This verifies the result suggested by Hayes, who felt that the
best period of the sinuscidal maneuver was one which approx-
imated the "natural frequency" of the system,

It was noted that the filter is able to operate with
reasonable success under large (25%) amounts of noise in the
data. This is encouraging as it indicates the strength of the
method operating under adverse expsrimental conditions.

The ability to repeat ihe filterirg process on previously
updated estimates, with an increase in accuracy, was shown.

In conjunction with the filter's ability to operate on very
noisy data, improving the noisy estimates, this presents a

very powerful tool for the naval architect analyst. Once
having the noisy data on tape, he is able to reprocess the data
numerous times, under a variety of different conditions. By

So doing, it becomes a simple matter of observing that value

which is most frequently and with the highest degree of
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confidence attained, and thus most probably the best estimate
for that coefficient.

The work done on this project centered about the develop-
ment of the computer program listed in the Appendix, applying
the Kalman filtering technique to an arbitrary system. The
program was designed to be general enough to handle many dif-
ferent situations. No known bugs are in the identification
program as given here. Some difficulty was encountered in
operating on eight coefficients at one time in preparing the
final runs for this paper. However, it was felt that this was
caused more by the choice of operating conditions and measured
state variables than from any fault in the algorithm.

Previous results, using u,v, and r, had shown the program to
be capable of operating with reasonable accuracy on any
number of chosen coefficients,

Which way now? There remains much to do on this project.
Initially, all the equations used here should be checked and
verified, A repetition of Brinati's preliminary analysis on
which coefficients to include in the model should also be done.
For this study, these results were accepted as they were and
not checked.

Once the program's stiructure has been verified, there
remaing a detailed analysis of the different conditions under
which a trial should be run, determining what set of conditions
best suits the identification desired. Additionally, some
efforts should be spent to incorporate roll into the general

motion equations, giving the model a complete generality for
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most vessels operating in the horizortal plane,

Finally, an identification should be run on real data,
not the simulated type used here., This would mean either
full-scale sea-trial data or model test resulis. A more
accurate picture of this system's true capabilities would
surface under realistic conditions such as these., The
method has been developed and shown to work with reasonatly
good results on simulated noisy data., It remains to sze how
well it can operate in various real situations, either in

design or operation,
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Appendix A

PROGRAM DESCRIPTION

MAIN

Remarks:

MAIN is the primary calling routine of the identification
program. It serves three purposes., Initially, it inputs all
necessary data and specifies the format and type of most
variables used in the program. A detailed listing and des-
cription of the input data can be found in Appendix C,

Secondly, MAIN organizes the necessary data for later
use, initializing the variables and generating noisy sea-
trial responses., The necessary data is then fed into the
filter and processed,

In the end, MAIN specifies the output modes of the

filtered results, both graphically and tabular.

Notable Variables (MAIN):

LP - Actual number of elements within the extended

state vector
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SP - Maximum number of elements possible within the
extended state vector, assuming identification of

all coefficients
TS(N) - Time values for all measurements
IST(NO} -~ Starting values of the primary state variables

ICV(NO) - Estimated covariance of the starting values

of the primary state variables

ZV{(N), ZR(N), ZPS(N), ZVD(N) - Measured noisy output of
the primary state variables generated in

subroutine RKL

VP(94), RP(94), PSP{94), VDP(94) - Filtered primary state

trajectories, for plotting

VEIV(94), VEIR(94), VPS(94), VVD(94) -~ Noisy primary state

trajectories, for plotting

PP1{94), FP2(94), *** = Stored arrays of the coefficient
values as a function of time during the ident-

ification process, for plotting

Subroutines and Function Subprograms Required:

RKL, SETUP, FILTER, PLOTM, SHOMO, SHOCO, ABS
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SUBROUTINE SETUP

Remarks:

Subroutine SETUP is used to assign initial values to most
of the variables and matrices used in the filtering routine.
It also defines the noise covariance matrices, Q and R, while
introducing the exaggerated noise factors, if applicable.

This allows one to tell the filter that the amount of noise

in the measured data is higher than is actually the case.

The filter reacts accordingly and does not have as high a
degree of confidence in it's values. This prevents the filter
from zeroing in on a value for the coefficients as quickly

ags 1t mights Especially for those cases with very low noise
magnitudes, this provides stability to the filter and more

valid results.

Areas of Interest:

(0174 - 0184) - The noise covariance values for the dif-
ferent state variables are defined as the
square of the desired standard deviaticn
of the additive noise. These covariances
are multiplied by the relavent exaggeration

factors.

Notable Variables (SETUP):

A(36) - True values of the hydrodynamic coefficients
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Al1(36) - Estimated values of the hydrodynamic coefficients

ASD(36) - Estimated standard deviation of the estimated

coefficient values

PMS(2LP) - Standard deviation and mean of the nocise

distribution for the individual state variables
IST(NO) - Starting values of the primary state variables

ICV(NO) - Estimated covariance of the starting values

of the primary state variables
XHT(SP) - Extended state vector
XBAR(SP) « Transfer vector for the extended state vector
EHT(SP,SP) - Error covariance matrix
HZ (NO ,SP) - Measurement function
Q{LP,LP) - Process noise covariance matrix
R(LP,LP) - Measurement noise covariance matrix
PA1, PA2, *** - True values of the coefficients

LP1, LP2, *°** -~ Integer designation of the ccefficients

to be identified
P¥ - Exaggeration factor, measurement noise

QW - Exaggeration factor, process noise
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Subroutines and Function Subprograms Required:

none

SUBROUTINE RKL
Remarks:

Subroutine RKL generates the noisy sea-trial motion
tra jectories to be filtered ir the identification process,

The motion equations were developed in the form

£ = f£(x, t) +w

The form of X can be determined by integration of % over
time, The method used in this work was the Runge-Kutta

pth (9)

== order technigue, a method similar in many respects

to Simpson's Rule,

1
Xgr = % F % (by +2b, +2b5 +1by,)

where,

o
]

(=2
]

1 1
b, At ﬂ-g(§k + 3 by t t3 At)
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1 1
At » g(;_gk + 2 boy ty t -Z-At)

o
]

=
i

by, = At * flx + Bys Ty +4t)

The integration of i can thus be broken into four distinct
phases for each time step. New additive process noise values
are generated for each phase and added to the function which
is then used in the following phase. Noiseless values are
calculated for each phase to be used in calculating the time
derivatives of the state variables for the next phase. This
assures that the noise added will not be in excess of that
specified in the input. If not, the noise would accumulate
over each successive phase, The noise distribution at the
end of the trial would then be dependent upon the preceeding
values.,

After the function has been integrated over each time
increment, the measurement noise for that step is generated
and added to the state value to be stored as the cutput
value of an imaginary measurement devise, To simulate the
use of the integrating accelerometer, the noisy acceleration
is integrated by a simple geometric method,

* L]

i
e "% * 3 (x, * X 4q) At

yielding the velocity. This is then given additional

measurement noise,



Areas of Interest:

(0065 -~ 0068) -

(0083 - 0086) -

(0181 - 0185) =~

(0188 - 0195) -
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Generate process noise for the first phase
of the integration over the time step.

The generated noise will have a Gaussian
distribution and characteristics as

specified,

Calculate the noisy state variable values,
These will be averaged over the interval
and used as the actual output of the

period.

Generate the measurement noise as a .
Gaussian distribution, with characteristies

as specified,

Calculate the noisy output of the measure-
ment devise,

z =X +v

Notable Variables (RKL):

ZY(N), ZR(N), ZPS(N}, ZVD(N) - Measured noisy output of

the primary state variables

P(2LP) - Standard deviation and mean of the noise dis-

tribution for the individual state variables
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IN(LP) - Random odd integer values used in generating

random numbers by RANDU
U(t) - Rudder deflection at time t, &8(t)

DUD(t) - Time rate of change of the rudder deflection
at time t, 5(t)

DV - Incremental sway acceleration, v

DR - Incremental yaw acceleration, f

YV_, YR_, YPS_, YVD_ - Intermediate noisy state variables

YV_N, YR_N, YPS_N, YVD_N - Intermediate noisy state

variables
WL - Process noise, w
VL - Measurement noise, v

N - Number of increments (measurements, time steps) over

the entire periocd of observation
H - Time increment

NO - Number of primary state variables

Subroutines and Function Subprograms Requireds:

WNO, U, DUD, FNLV, FNLR
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FUNCTION U

Remarks:

Function U specifies the rudder deflections as a function

of time, depending on the type of maneuver used in the trial.

U(t) = 8(t)

Areas of Interest:

(0016 - 0017) - Step rudder deflection,

(0021 - 0028) - Zig-zag rudder deflection ,

(0032 - 0034) - Sinusoidal rudder deflection,
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Notable Variables (U):

JJ - Integer specifying the type of maneuver:
1 - Step rudder deflection
2 - Zig-zag maneuver

3 - Sinusoidal maneuver

DI - Magnitude of the maximum rudder deflection in any

maneuver over the trial period

T = Time of ot=ervation

TL - Half-period of the sinusoidal deflection

Subroutines and Function Subprograms Required:

SIN

FUNCTION DUD
Remarks:

Function DUD calculates the time rate of change of the

rudder deflectione
DUD(t) = 6(%)

This is primarily used in those situations where the extended

state vector includes acceleration variables. For these cases,
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where subroutine EFNT1 calculates the matrix,

B(LP,LP) =

it is necessary to calculate the time rate of change for these
accelerations, It is here that the additional term, 5(t),
appears. (see EFNT1) It should be apparent that 8(t) need

be continuous over time, and therefore only rudder deflections

such as
6{t) = sin ot

can be implemented. Thus, the step rudder deflection (zig-
zag) with it's discontinuous function of & can not be used

in conjunction with the identification of any accelerations,.

Subroutines _and Function Subprograms Required:

COS

SUBROUTINE WNO

Remarks:

Subroutine WNO transfers the specified mean and standard

deviation for a desired noise level into subroutine GAUSS.
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It then returns the generated random Gaussian white noise to

the calling routine.

Notable Variables (WNO):

IN{LP) - 0dd random integer values for use by RANDU in

generating a set of random numbers
AM - Desired mean noise level
S -~ Desired standard deviation of the Gaussian noise

P{2LP) - Mean and standard deviation for the noise
levels of those primary state variables used

in the extended state vector

W - Generated Gaussian white noise returned to the

calling routine

Subroutines and Function Subprograms Reguired:

GAUSS

SUBROUTINE GAUSS

Remarks?

Subroutine GAUSS is basically the same as that offered

by the IBM Scientific Subroutine Package. It computes a
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normally distributed random number with the given mean and
standard deviation., Details on it's theory can be obtained

from the literature.(lg)

Subroutines and Function Subprograms Required:

RANDU

SUBROUTINE RANDU

Remarks:
Subroutine RANDU computes a uniformily distributed
random number between 0,0 and 1.0 for use by subroutine GAUSS.

It also is part of the IBM Scientifiec Subroutine Package.

Subroutines and Function Subprograms Required:

none

FUNCTION FNLV and FUNCTION FNLR

Remarkss

Functions FNLV and FNLR calculate the sway and yaw

accelerations for the system at any time te.

<e

= f(x,t)

e



Notable Variables (FNLV, FNLR):

LV - Sway velocity, v
XR - Yaw velocity, r
U - Rudder deflection, &

A(36) - Hydrodynamic coefficients of the motion equatio

Subroutines and_Function Subprograms Required:

none

SUBROUTINE SHOMO

Remarkss

Subroutine SHOMO is one of the options available for
showing the output of the identification data., It will call
certain CALCOMP routines, both standard and MIT supplied,
to plot the motion trajectories, noisy and filtered, as a
function of time. It also plots a zero line and prints a
key for the various plots. It is not internally adjustable
for variations in the input data, nor is it usable on all
systems. For this reason it will not be detailed. By
setting one of it's parameters, K, to one, the option may
be by-passed. It is strongly recommended that this routine

be used only for final reports, theses, etc., when it's

124
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increased accuracy and readability will compensate for the
added cost. Otherwise, it may mean your head. The run time
to plot four state variables is approximately four minutes

at a cost of $10.00 per hour., The other option, PLOTM, costs
approximately $0.05 per plot and is perfectly adequate for
production runs when only trends in the identification need

e shown,

SUBROUTINE SHOCO

Remarks:

Subroutine SHOCO is the CALCOMP option available to
produce plots of the identification of the individual coef-
ficients as a function of time. It also plots the true value
of the coefficient, as well as a key to the various plots
produced, As with subroutine SHOMO, by setting K to one,
the option can be by-passed, The same remarks given to SHOMO

apply to SHOCO and need not be repeated.

SUBROUTINE PLOTM

Remarks:

Subroutine PLOTM is one of two options available for

graphically portraying the results of the identification.
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It is substantially less expensive than the alternative option
given in SHOMO and SHOCCO. However, the accuracy is limited
and is best suited to show trends in the identification or
motion trajectories.

The results are plotted on a size (47x51) which is
compatible to thesis use. The plet scale variables are
formated as F5.2, thus some care must be taken to conform to
these specifications. Difficulty will not be encountered
when the trial length is 188, 376 or 752 seconds as used in
this work.

This routine was modified from the IBM Scientific

subroutine PLOT.(lg)

Notable Variables (PLOTM):

NO - Numerical label for the graph, appearing at the
head of the plot and consisting of no more than

three digits

A - Matrix to be plotted, in single column form. The
first N elements form the base vector, while the
remaining (M-1)N elements specify the (M-1) cross
vectors, where (M-1) <9 representing a maximum of

nine plots on one graph
N - Number of rows in matrix A, N SA47

M ~ Number of columns in matrix A, M <10
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NS - Code for sorting the base variable data intc ascend=-
ing order,
0 - Data already sorted

1 - Sorting necessary

NE - Code for by-passing PLOTM and using an alternative
routine,
1 - PIOTM to be used
2 - CALCOMP to be used

3 - Both routines used simultaneously

Subroutines and Function Subprograms Regquired:

none

SUERQUTINE FILTER
Remarks:

Subroutine FILTER is the statistical‘filtering routine
of this program. The flow of the routine is identical to
that described in Chapter IV. The steps may be summarized

as follows,

i. Propagate the estimated state and error

covariance matrices,

i)

= £(X,1)
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2. Calculate the gain for the Kalman filter
K = EH® (HEH® + R)™1

3. Update the state and error covariance

matrices
Zy = HX
R =% +K(z - z )
E* = E - KHE

The process is repeated for each time increment, with
occassional values stored for use later in the plotting
routines, The number of values saved corresponds to the

number of points to be plotted (47 for this work).

Subroutines_and Function Subprograms Reguired:

PROP, GAIN, UPDT, STORB, U, DUD

128

% ARt B e R

Gl L wt vrsdsh

it




129

SUBROUTINE PROP

Remarks:

Subroutine PROP is used to propagate the estimated state

and error covariance matrices over the desired time increment.,.

ine
]

= g(Est)

t

(FS
]

[a¥)
1 e
o,
ot

The time rate of change of the error covariance matrix
is called from subroutine EFNTZ2 where it is calculated in
conjunction with subroutine EFNT1. This routine, PROP, is
basically the same as RKL, with the integration again done

using the Runge-Kutta 42 orger technigue.

Subroutines and Function Subprograms Required:

FNLV, FNLR, EFNT1, EFNT2
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SUBROUTINE EFNT1

Remarks:

Subroutine EFNT1 calculates the matrix,

3f (x,t)

H

B(LP,LP)

QIIQJ aQ/
s Jide "

which is then used by subroutine EFNT2 to calculate the time
rate of change of the error covariance matrix, é. The first
subscript indicates the row and the relevant equation, f(x,t),
to be differentiated. The second subscript refers to the
column and the element of the extended state vector with which

the differentiation is taken., The notation can be defined as,

K1 rf1(§,t) u
K2 £,(%,t) v
K3 £3(x,1) r
K4 f4(§,t) X,
K5 = fs(E,t) = Yo
K6 fé(E,t) V¥
K? £,(x,t) 'y
K8 fe(’_‘,‘t) .V.
K9 £o(x,t) T
I L9 |
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where,

f
1 equations developed in
f =
2 Chapter III
I3
fu ucos ¥ - v s8in ¥
{ f5 = u sin ¥ + v cos ¥
kfé r
of
f =1
7 ot
df
f = =2
8 3t
df
f °=3
9 dt

The elements of the extended state vector depend upon
which state variables and coefficients are included in the

identification.,

Areag of Interest:

(0034 - 0056) - The common parts found in many of the
derivatives are computed once and assigned

to separate variables,

(0039 - 0042) - The position of the elements of the

primary state variables are designated,



(0061 - 0067) -

(0079 - 0209) -
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using the notation given above. For
example, K2 = 1 and K3 = 2 implies that
the first two elements of the primary
state vector are v and r. Therefore,
the derivatives of functions K2 (v) and
K3 (r) occupy the first two rows of the

B matrix.

The derivatives of the functions of the
state variables are taken with respect
to those state variables, and comprise

the initial (NOxXNQ) submatrix of B.

The derivatives of the functions of the
state variables are taken with respect

to the coefficients to be identified.
These coefficisnts are found in the (NO+1)
to (NO+MP) slements of the extended state
vector, and thus the corresponding

columns of the B matrix.

example =
let K3 =2, I = LP2, LP2 =7

then,

B(K3,I) = —a—ﬁ%mz,

a o/
e

Qs
=2

(7)
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Subroutiﬁes and Function Subprograms Required:

none

SUBROUTINE EFNTZ2

Remarks:

Subroutine EFNT2 is used in conjunction with subroutine
EFNT1 and calculates the time rate of change of the error

covariance matrix,.

Il e

= BE + EB” +Q

Subroutine PROP then takes the result and propagates it over
the time interval, arriving at a new value of the error co-

variance matrix, E,

Notable Variables (EFNT2):

EH(SP,SP) - Error covariance matrix

B(LP,LP) - Matrix of the partial derivatives of the

extended state vector from subroutine EFNT1
Q{LP,LP) - Process noise covariance matrix

E1 (LP,LP) - Time rate of change of the error covariance

matrix, E
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Subroutines and Fungtion Subprograms Required:

TRNSPS, MAMP1S, MAMP25, MAADDS

SUBROUTINE GAIN

Remarkss:
Subroutine GAIN is the key routine of the identification
process since it calculates the gain of the Kalman filter.,

K = EHY (HEHY + R)~!

The gain is then used in subroutine UPDT to update the esti-

mates for both the state and error covariance matrices,

Notable Variables (GAIN):
EB(LP,LP) - Error covariance matrix
H(NO,SP) « Measurement function
K(LP,NO) - Kalman filter gain matrix

C(NOZ) - One-dimensional array containing the elements

T

of the two-dimensional matrix (HEH™ + R), for

inversion by subroutine MINV

Subroutines and Function Subprograms Required:

TRNSPS, MAMP1S, MAADDS, MINV
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SUBROUTINE UPDT

Remarkss

After the estimated state and error covariance matrices
have been propagated over the time step and the filter gain
has been calculated, subroutine UPDT is called to update the

estimates to their values at the end of the increment,

E* = E - KHE

Notable Variables (UPDT):
H(NO,SP) - Measurement function

EB(LP,LP) - Error covariance matrix at the beginning

of the time increment
EH(SP,SP) - Updated error covariance matrix

XB(SP) - Estimated extended state vector at the

beginning of the time increment

XH(SP) - Updated extended state vector at the end of

the time increment



Z(NO) - Value of the primary state variables during the

noisy sea-trial

EL(LP) - Measured value of the primary state variables,
taken from the estimated state vector operated

upon by the measurement function

ES(LP) - Difference between the actual and estimated

values of the measured state variables

Subroutines and Function Subprograms Required:

MAMP1S, .MAMP2S, MASUBS, DABS

SUBROUTINE STORB

Remarks:

Subroutine STORB is used to store selected values of
the error covariance and state matrices at regular intervalé
during the identification process. These values are coupled
to the time of the reading during the trial and plotted by
either PIOTM, or SHOMC and SHOCO. The standard deviations
are derived from the diagonal elements of the covariance
matrix at the end of the trial. These are used as a

representation of the confidence level in the final results,

136
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Notable Variables (STORB)s:

I = Index of the stored measurement

L - Actual index of the time matrix for the stored

measurement
K5 - Number cof measurements between stored values

PP1(94), PP2(94), °** - One-dimensional array of the
identification of the individual coefficients,
The first 47 elements are the times for the
corresponding stored measurements, while the

remaining 47 elements are the measured values,

EP1, EP2, *°* - Standard deviation of the final value

assigned to each coefficient

EE(SP) - Values of the diagonal elements of the

covariance matrix

Subroutines and Function Subprograms Required:

DSQRT, DABS

SUBROUTINE TRNSPS

Remarks:

Subroutine TRMSPS is capable of taking the transpose of
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a matrix A and placing it in a matrix B, leaving matrix A

unchanged,

Matrix A has absolute dimensions IA x JA, while matrix B has
absolute dimensions IB x JB. The submatrix of A to be trans-
posed has dimensions of MA x NA, The transposed submatrix

in B has dimensions of NA x MA,

This routine is part of the WATFIV library-(zo)

Subroutines and Function Subprograms Required:

none

SUBROUTINE MAMP1S and SUBROUTINE MAMP2S

Remarks:

Subroutines MAMP1S and MAMP2S are used to multiply two
matrices, A and B, with the product replacing one of the
matrices depending upon which routine is called, leaving

the other unchanged.

A*B — A {MAMP1S)

A*B — B (MAMP2S)
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The absolute dimensions of A are IA x JA, while those of
matrix B are IB x JBs The actual multiplication involves the
submatrix of A with dimensions MA x NAMB and the submatrix of
B with dimensions NAMB x NB, W is a work vector at least as

large as MA in MAMP2S or NB in MAMPiS. (WATFIV library)

Subroutines and Function Subprograms Reguired:

none

SUBROUTINE MAADDS
Remarks:

Subroutine MAADDS adds the elements of matrix A to
matrix B, replacing A by the resultant sum and leaving B

unchangeda.
A+B—A

The actual size of the added submatrices is MA x NA., The
absolute dimensions of A and B ars IA x JA and IB x JB

respectively. (WATFIV library)

Subroutines and Function Subprograms Reguired:

none
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SUBROUTINE MASUBS

Remarks:
Subroutine MASUBS subtracts matrix B from matrix A,
placing the difference in A and leaving B unchanged.

A -B—A

The absolute dimensions of matrices A and B are IA x JA and
IB x JB respectively. The actual size of the subtracted sub-

matrix is MA x NA, (WATFIV library)

Subroutines and Function Subprograms Reguired:

none

SUBROUTINE MINV
Remarks:

This routine uses the standard Gauss-Jordan method for
inversion of matrices., Matrix A is inverted and replaced

by it's inverse,

ATl sy

Calculation of the resulting determinant, D, indicates wether

or no the resultant matrix is singular (D = 0), Matrix A is
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a general matrix of order N, D is the resultant determinant,
while L and M are work vectors of length N,
Subroutine MINV is part of the IBM Scientific Subroutine

Package.(ig)

Subroutines and Function Subprograms Reguired:

none



Appendix B

THE PROGRAM

"Lasciate ognl speranza voi ch'entrate see "

Inscription over the entrance to Hell,
in Dante's Inferno
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INTEGER SP
DIMENSION
DIMENSION
DIMENSION
DIMENSICON
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENS ION
DIMENSICN
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

VP(94)4RP(94}4PSP{94),VDP(94)

PP1(94)sPP2(94) yPP3{94)4PP4(94),PP5(94),PP6(94),PPT{94)
PP8(94)4PPI(94) 4PP1O(94)4PPL119%) ,PP12(94),PP13(94])
PP14(94),,PP15(94),PP16(94)

PP17(94),PP18(94) 4PP19(94),PP20{94),PP21(94),PP22(94)
PP23(94)+PP24(34) 4yPP25(94) yPP26(94) 4PP2T(94),4PP28(94)
PP29194) ,PP30(94)4PP31(94)4PP32(94)4PP33(94)9PP34(94)
PP35(94),PP36(94)

VEIV(94), VEIR(94)4VPS{94),VVD(94)

INX(8) ’

IC(4),IR(4)

EE (40)

ZERO(47)

AV (4T)9AR(4T)4APS(4T),AVDL4T)
AVP(4T)9ARP(4T)4APSP(4T )y AVDP(4T)

PLU4T) 4P2€4T) 4P3(4T) P4(4T)
P5(4T)+P6(4T)4PT(47),P8B(4T)
TITLE(449),YLABL1(9),YLAB2(9),YLAB3(9)yYLAB4(9)

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE

PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION

HeDIyPHWsQW o TL,TI

A(36),A1I(36},ASDI(36)

PMS{1i6)

Wi8)

WN(4 ), VN(4)

vi376)
ZV{3T6)3:ZR(3T76)42ZPS(376),2VD(376)

2i4)

TS{376),US{3T7),DUS(377)
K(8,4),Q(848),R(8,8),B(B,8),EBAR(8,8)
EHT{40,40) ¢ XHT(40) s XBAR(40) sHZ(4,40)
XVIo¢XRIoXPSIXVDI

VSTyRSTHPST,VDST

VCY,RCV,PCV,VDCV
EJ(8,8),E1(8,8),E2(8,8)9yE3(8,8)yE4L(8,8)
ES(8,8)yEN(8,8)+QL(8,8) yBN(8,8),FT(8,8)
EM(8,8),H1(448)»,T(8y4) yH2(4%4,8) yH3(8,8)

00t
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DOUBLE
DOUBLE
DOUBLE
COMMAN
COMMON
COMMON
COMMON
COMMON
C OMMON
COMMON
COMMON
COMMIN
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

a0 2 o 2 2k e o o ok

PRECISION EL(8),ES(8}

PRECISION IST(4),ICV(4)

PRECISION C(16}

JOUTPS/ BPLT,PPL8,PPLI,PP20, PP21,PP22,PP23,PP24,PP25,PP26
/0UTP6/ PP27,PP28,PP29,PP30,PP31,PP32,PP33,PP34,PP35,PP36
JOUTPL/ VPyRP.PSP,VDP4PPL,PP2,PP3,PP4,PP5,PP6,PPT,PP8
/0UTP2/ PP9,PPL10,PP11,PPL2,PP13,PP14,PP15,PP1lb

FPRM1/ PA1,PA2,PA3,PA4,PAS,PAG,PAT,PAB,PAS,PALGPALL,PAL2
/OUTP3/ EVyERyEPS,EVD,EPLEP2,EP3,EP4,EP5,EP6,EPT,EPB
/OUTPT/ EP17,EP18,EP19,EP20,EP21,EP22,EP23,EP24,EP25,EP26
/0UTP8/ EP2T,EP28,EP29,EP30,EP31,EP32,EP33,EP34,EP35,EP36
/0UTP4/ EP9,EPL0,EP11,EP12,EP13,EPL4,EP15,EPL6

/PRAM3/ LP174LPL8,LPLO,LP20,LP21,LP22,LP23,LP24,LP25,LP26
/PRAMG/ LP2T7,LP28,LP29yLP304LP31,LP32,LP33,LP34,LP35,LP36
/PRM2/ PAL3,PAL44PALSsPAL6,PALT PALB,PA20,PA21,PA22,PA23
/PRM3/ PA24,PA25,PA26,PA27,PA28,PA29,PA30,PA31,PA32,PA33
/PRAMY/ LPLyLP2,4LP3,LP4yLPS,LP6,LPT,LP8

JPRAM2/ LP9.LPIO’LP1;eLPIZ.LPIS.LP14.LPiS,LPlb

TEXAG/ PW %

JINPUT/ DI.TL.JJ

/9K1/6G

/PRM&/ PA34,PA35,PA36

CALL PLOTS{IDUM,IDUM,11)
CALL FACTOR(0.5)
CALL PLOT‘O.0!2n09-3'

1 CONTINUE

KI =5
KO = 6

INPUT DATA

READ (KI,10) (A{1),1 = 1,36}
IF (Al1).EQ.0.0) GO TO S09

0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0655
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
00656
0067
0c68
0069
0070
0071
0072

1



READ (KIs10) (AI(I),0 = 1,361 0073
READ (K1,10) (ASD(I}),I = 1,36} 0074

10 FORMAT (6Di3.4! 0075
READ (KI,1l1) (PMS(J)yJ = 1,16) 0076

11 FORMAT (6D13.4) o077
READ (KIy12) {(INX{(I},I = 1,81} 0078

12 FORMAT (616} 0079
READ (KIs13) G ) 0080

13 FORMAT (F1l0.6) 0081
READ {(KIy14) LPLILP2sLP34LP4yLPS,LP6,LPT,LPB,LP? ocez

14 FORMAT (915} 0083
READ {KI,15) iP10,LP11,LP12,LP13,LP14,1P15,LP16,LPL7,LPL8 0084

15 FORMAT (915} 0085
READ (Kiy16) LP19,LP20,LP21,LP22,1P23,0LP24,LP25,1LP26,LP27 0086

16 FORMAT (9I5) 0087
READ (KIo17} LP28yLP29yLP304LP31,LP32,LP33,LP34,LP35,LP36 0088

17 FORMAT (915} 0089
READ (KIs19) VST,RST,PST,VDST 0090

19 FCRMAT {4F10.5) 0091
READ {K1:20) VCV.RCV,PCV,VDCV 6092

21 FORMAT (4F10.3) 0093
READ {K1,21) KSsNyH 0094

21 FORMAT(214,F10.2) 0095
READ (KI,22) NM,NP 0096

22 FORMAT (215} 0097
READ (KI1,23) PwW,QW 0098

23 FORMAT (2010.21% G099
READ (KI426) MP,NO 0100

26 FORMAT (214) 0101
READ (K1,27) DIl,TL,JJ 0102

2T FORMAT (2F10.3,15) 0103
READ (KI,28) NE : 0104

28 FORMAT (I5) 0105
DO 790 I = 1,4 Cl06
790 READ (KIs90) (TITLE(I,J)¢d = 1,9) 0107

90 FORMAT {9544} 0108

ST



Qo

OO0

791

DO 791 J
YLABL(J)
YLAB2(J)
YLAB3(J)
YLAB4(J)
CONTINUE

INITIAL C

TI = 0.D0
XVl = 0D
XRI = 0,0
XPS51 Q.
XvD1 0.
JON = N¥H
NN = N

no

GENERATE NOISY SEA TRIAL DATA FOR USE IN FILTERING

CALL RKLUHyTIoXVIoXRIyXPST s XVOI JN9AyZV4ZR4ZPS,ZVD,US,DUSTSsINX,

1,9

TITLE(],,J)
TITLE(2,J)
TITLE(3,4)
TITLE(444)

ONDITIONS

L4
L
co
Do

LPMS s WN VN4 NO,V )
NPL = 47

D0 99 I = 1,NPL

L = KS*]

NL1 = T+NPL
VEIV(I) =TS(L)
VEIR(I) =TS(L)
VPS(I) = TS(L)
VVD(I) = TS(L)
AV(I) = ZV(L)
AR(T) = ZR(L)
APS(I} = ZPS(L)
AVO(I)} = ZVD(L}
VEIVINLL) = ZV(L)
VEIR{NLI} = ZR(L)

VPSINL1} = ZPS(L)

£ )

0109
0110
o111
o112
0113
0114
0115
0116
0117
o118
0il9
¢120
0121
o122
0123
0124
o125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
013%
0137
0L38
0139
0140
0i4l
0142
0143
0144

9ht



aO00n

OCO0O0 OOo

99

VVDINL1) = ZVD(L)
CONTINUE

PLOT THE NOISY SEA TRIAL DATA AND INITIALIZE THE STARTING VALUES
OF THE PRIMARY STATES

CALL PLOTM{O+VEIVNPL2,04NE)
NO = 1

ISTIND) = VST

ICVIND) = VCV

CALL PLOTMIO,VEIRyNPL24,0+NE)
NO = NO+1

ISTI{ND) = RST

ICVIND)} = RCV

CALL PLOTMIO VPSS NPL,2,0,NE)
NGO = NO+1

ISTI(NO} = PST

ICVIND) = PCV

CALL PLOTMUQ,VVONPL+2+GsNE)
NO = NO+1

ISTI{NO) = VDST

ICVING) = VDCV

LP = MP+NO

SP = NO+36

INITIALIZE THE MATRICES USED IN THE IDENYIFICATION

CALL SETUPIQsRoLPyNOySP+EHT o ISTyICVyAsATIyASDPMS,XHT, XBAR4HZ,ZERO)
PERFORM THE PARAMETRIC IDENTIFICATION UPDON THE SPECIFIED
COEFFICIENTS USING THE INITIAL CONDITIONS AND THE GENERATED

NOISY SEA TRIAL DATA

CALL FILTER{EJsEL+E29E3+E49ES,ENyEMsELLES)QLoBNFToTyHL,HZ2,H3,LP,

LKSy EBAR ¢B 9Ky QoRyEEJNDyZ 9 SPoZVeZRyZPS o ZVD qUS s TSy XHT s XBAR¢HZ 9y Ay Co EHT
2eIC, IRWyHe TIyNsDUS)

b

0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
015%
0156
0157
0158
0159
0160
0161
0l62
0163
0164
0165
0166
0lé67
c168
0169
oL70
0171
0172
o173
0174
o175
0176
0177
0178
0179
0180

LNt
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401

KK = 47
KP = 94
NS =0
N =1

M =2

DO 401 KMN = 1,47
NMK = KMN+47
AVP(KMN) = VP{NMK)
ARP (KMN) = RP({NMK}
APSP{KMN) = PSP{NMK}
AVOP{KMN) = VDP{NMK)

PLIKMN) = PP1l(NMK}
P2{KMN) = PP2{NMK}
P3(KMN) = PP3INMK)
P4{KMN} = PP&(NMK)
PS{KMN) = PPS5{NMK)
PEIKMN) = PP&EINMK)
PT{(KMN) = PPT(NMK)
PBIKMN) = PPB(NMK)
CONTINUE

PLOT THE FILTERED PRIMARY STATE VARIABLES USING THE IDENTIFIED
VALUES OF THE HYDRODYNAMIC COEFFICIENTS

CALL PLOTMIN,VP KKy MyNSyNE)} .

CALL SHOMO(VEIV,AV,VEIV,ZERO,VEIV4AVPy—1160+5c69—34NE;1,YLABL)
N = N+l

CALL PLOTMINsRPsKKyMyNS,NE)

CALL SHOMO(VEIR, ARy VEIRy ZERQWVEIRJARP;-1054-5469—-39NEy 2, YLAB2)
N = N+1

CALL PLOTM(N;PSPoKKsMsNS,NE)

CALL SHOMO(VPS,APS,VPSyZEROsVPS4APSPy=11e095.6¢-34NE+3,YLAB3)
N = N+1

CALL PLOTMIN,VDP 4KK,MyNSyNE)

CALL SHOMO(VVD,AVDyVVDZERGyVVDsAVDP45.09=-5.69=34NEo44YLAB4)
IF (MP.EQ.O) GO TGO 560

¢181
els2
0183
0184
0185
0186
0187
o188
0189
0190
0191
0192
0193
0194
0195
¢196
0197
c198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
0213
0214
0215
0216

Nt



A0

136
135
134
133
132
131
130
129
128
127
126
125
124
123
122

PLOT THE IDENTIFICATION OF THE SPECIFIED COEFFICIENTS AS A
FUNCTION OF TIME DURING THE FILYERING PROCESS

GO TO (101,1024103,104,1054106,107,108,109,110,111,112y113,114,
1115,116,4117+118,119,120,121,122,123,124,125,126+12791284129+130,

2131,132,133,134,135;,136),MP

N = LP36

CALL PLOTMIN PP36,KKyM;NSyNE)
N = LP35

CALL PLOTMI(N,PP35 KKy MyNSyNE)
N = LP34%

CALL PLOTMIN,PP34,KKyMyNSyNE)
N = LP33

CALL PLOTM{N.PP33,KK,MsNS,yNE)
N = LP32

CALL PLOTMIN,,PP3I2,KKsM,AS,NE}
N = LP31

CALL PLOTMIN,PP3L.KKoMyNS,NE)
N = LP30D

CALL PLOTMIN,PP3D,KKyMy,NS,NE)
N = LP29

CALL PLOTMIN,PP29,KK4M,NS,NE)
N = LP28

CALL PLOTMIN,PP2B4KK¢MyNS,NE)
N = LpP27

CALL PLOTMIN,PP2T7,KKs My NSsNE)
N = LP26

CALL PLOTMIN,PP26, KK, MyNS:NE}
N = LP25

CALL PLOTM(N,PP25:KKs+M;hNSyNE)
N = LP24

CALL PLOTMIN,PP24,KKyM, NSy NE)
N = LP23

CALL PLOTMIN,PP23,KKyM;NS,NE)
N = LpP22

0217
0218
0219
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246
0247
0248
0249
0250
0251
0252

6471



121
1206
119
118
117
116
115
114
113
112
111
110
109

108

107

106

CALL PLOTMIN:PP22,KKyM,NSNE)
N = LP21

CALL PLOTMINPP2l.KK,MR5,NE)
N = LP20

CALL PLOTMIN,PP20,KK,MyNS;NE)
N = LP19

CALL PLOTMI(N,PP19:KK4M,NS,NE)
N = LP18

CALL PLOTHMIN,PP1B,KK MsNS,NE)
N = LP17?

CALL PLOTMIN PPL1T,KKyM,NhS,NE)
N = LPLlé

CALL PLOYMIN,PPlO,KK,MyNSyNE)
N = LP1%

CALL PLOTM(NPPLS KKsMyNS,NE}
N = LPl4g

CALL PLOTM{N,PPl4,KK:My,NS,NE)
N = LP13

CALL PLOTM{N,PP13,KK,M;NSyNE)
N = LP12

CALL PLOTMIN,PPL2+KKoMsNSyNE}
N = LPL1

CALL PLOTMIN:PPL1KKsMohNS¢yNE)
N = LP10

CALL PLOTMIN,PPL1O,KKyMyNS,NE)
N = LPO

CALL PLOTMIN ,PPIKKsM, NS, NE)

N = LP8

CALL PLOTM{NsPPB,KKsMy,NSNE)

CALL SHOCO{(PPB.PB,PPB;PAB8+y0.0+5.69—39NE, 1,8}

N = LPT
CALL PLOTMINy PP7,KKyMyNS4NE)

CALL SHOCOU(PP TP 7 yPPTyPAT19¢59=5.69=34NE,2,7}

N = LP6 :
CALL PLOTMIN:PP64KKyMeNSyNE)

CALL SHOCO(PPO6yP64PPOyPAE30.045.69=3¢NEy346)

0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268
0269
0270
0271
0272
0273
0274
02715
0276
02177
0278
0279
0280
0281
0282
0283
0284
0285
0286
0287
0288

057
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105

104

103

102

101

140
150

160
70

N = LPS

CALL PLOTMIN,PP5,KKyMyNS,NE)

CALL SHOCO(PP5,P5,PP5,PA5415.03-5.64~-3yNEy445)
= LP&

CALL PLOTMIN,PP4 ,KK,M,NSyNE}

CALL SHDCD( PP‘I" P‘l'e PP‘I’,PA‘F‘O.G'S- 6!"’3,NE, 1'4’

N = LP3

CALL PLOTMIN,PP3,KKyM,NS,NE)

CALL SHOCOIPP3,P3:,PP3,PA3,945¢—5a69y—F4NE2,3}

N = LP2

CALL PLOTMIN,PP2+KKsM,NS¢NE}

CALL SHOCOU(PP2,P2,PP2:PA2,0.0¢5.65-3,NE33,2)

N = LP1

CALL PLOTM{N ,PPLyKKyMyNSyNE)

CALL SHGCU(PPIQ Plp ppl,PAl! 15.0""7.9\1“3!NE' 4! 1)

TABULATE THE PRELIMINARY INFORMATION AND THE RESULTS QF THE

IDENTIFICATION ANALYSIS

N =0

WRITE (KO,557)

WRITE (KO,550)

TL = 24%TL

GO YO (1404+150,160),J4
WRITE (KO,547) DI

GO TO 70

WRITE (KO,548} DI

GO T0 70

WRITE {(KOs549) TL,.DI
CONTINUE

WRITE (KO,553) NM.NP
WRITE (KC,561) PW
WRITE (KDy552) JON
WRITE (KD,566) H
WRITE (K(Q,562) NO
HR!TE (KD,563) MP

3

0289
0290
0291
0292
¢293
0294
0295
0296
0297
0298
0299
0300
0301
0302
0203
0304
0305
0306
0307
0308
0309
0310
0311
0312
0313
0314
0315
0316
0317
0318
0319
0320
0321
0322
0323
0324

161



235

234

233

232

WRITE (KD4+558}
WRITE (KQ0,559)

GO TO (201,202+203,2044205920642075208,2099210+211+212,213,214,
1215421692179 2189219922049 221+222¢2234224+22512269227+9228;322942290,

2231+232423342344235,236),MP
236 HRITE (KO0,556)

1L =
WRITE (KGO»555)
N = N+l
IF (N.lLTo4) GO
N=20
WRITE (KQ,559)
WRITE (KO,556)
TL =
WRITE (KO4555)
N = N+1
IF {NelT.4) GO
N =20
WRITE (K0O,559)
WRITE (K3,556)
11 =
WRITE (KO,555)
N = N+}
IF (N.LToa4) GO
N=20
WRITE (KOs5591
WRITE (KQ,556)
Tl =
WRITE (KGy555)
N = N+l
IF (NelLT.4} GO
N =20
WRITE {KO,559)
WRITE (KD,556)
11 =
WRITE (K(G,555)

LP36,PA3ELAT[LP36),ASDILP36),PP36IKP)EP36
ABS(((PA36-PPIGIKP})I/PA36 %1004 )
Tl

TO 235
LP35,PA35,A1{LP35),ASD(LP35),PP35(KP),EP35
ABS{((PA35~PP35(KP))/PA35)%100.)

TL

TO 234

LP34yPA34, AT{LP34),ASDILP34),PP34(KP},EP34
ABSC((PA34—-PP34 (KP))/PA34}*100, )

T1

T0 233

LP33,PA33,A1 (LP33),ASD(LP33),PP33 (KP),EP33
ABS(({PA33-PP33(KP))/PA33)*100.)

Tl

To 232
LP32,PA32,AT{LP32),ASD(LP32)4PP32(KP}4EP32

ABS{({{PA32-PP32(KP))/PA32)1*]100,}
Tl

0325
0326
0327
0328
0329
0330
0331
0332
0333
0334
0335
0336
0337
0338
0339
0340
0341
0342
0343
0344
0345
0346
0347
0348
0349
0350
0351
0352
0353
0354
0355
0356
0357
0358
0359
0360

261



231

230

229

228

227

N = N+1

IF (NelLTe4) GO

N=20

WRITE (KQ,559})

WRITE (KG,5561
T1 =

WRITE (KG,555)

N = N+l

IF (NeLTe4} GO

N =20

WRITE (KOy559)

WRITE (KO,556)
Tl =

WRITE (KO¢555)

N = Ne¢}

IF {NelTe4) GO

N =21

WRITE (KCy559)

WRITE (KO,y556)
Tl =

HRITE (KC,555)

N = N+l

IF {N.LT.4) GO

N=20

WRITE (KD,559)

WRITE (KO,556)
Tl =

WRITE (KOs555)

N = N¢l

IF (NelTe4) GO

N =20

WRITE {KB,559)

WRITE (KO,556)
Tl =

WRITE (K(,y555)

N = N+l

TO 231

LP31,PA31,AI(LP31),ASD(LP31!,PP3L(KP),EP3]
ABS(({PA3L-PP31(KP))/PA31)%100.)
Tl

T0 230
LP3D,PA30,AT{LP30),ASDILP30),PP30I(KP),EP30
ABS{({PA30-PP30(KP})/PA30)*100,)

T1

TO 229

LP294PA29,AT(LP29) yASDILP29},PP23(KP}),EP29
ABS{{{PA29-PP23(KP)}/PA29)*]100.}

Tl

TO 228
LP28,PA28B,AI{LP28B),ASDI(LP28),PP28(KP),EP28
ABS{I(PA2B-PP2B(KFP))/PA28)%]1004)

Tl

T0 227

LP2T,PAZT,AT{LP2T},ASDILP2T) PP2T(KP)},EP27T

ABSTU((PA2T-PP2T(KP})/PA2T}*100.)
Tl

“3

0361
0362
0363
0364
0365
0366
0367
0368
0369
0370
0371
0372
0373
0374
0375
0376
0377
0378
0379
0380
0381
0382
0383
0384
0385
0386
0387
0388
0389
0390
0391
0392
0393
0394
0395
0396

€61



226

225

224

223

222

IF (N.LTe4} GO

N=20

WRITE (K04+559]}

WRITE (K0,556)
T1 =

WRITE (K0Oy555)

N = N+1

IF (NoLTs4) GO

N=20

WRITE (KO04559)

WRITE (KO:5561}
Tl =

WRITE {KC,555)

N = N+l

IF (NeLTe4) GO

N=20

WRITE (KO0y¢559)

WRITE (KO0,556)
Tl =

WRITE {(KD,555)

N = N+l

IF (NoLTe 4} GO

N =20

WRITE {KOy559)

WRITE (KO,556)
Tl =

HRITE (KO,4555})

N = N+l

IF (N.LT.4) GO

N=20

WRITE (KO,55%9)

WRITE (KO,556)
Tl =

WRITE (K(O,555)

N = N+l

IF (NoLTe4} GO

TO 226

LP26,sPA26E,AT(LP26)4ASDILP26),PP26(KP),EP26
ABSUI(PA26-PP26(KP))/PA26)%*100,}
T1

70 225

LP25,PA25,AT{LP25) ,ASDILP25),PP25(KP),EP25
ABS(((PA25-PP25(KP})/PA25)%*100.)

T1

TO 224

LP244PA24,ATILP24),ASDILP 24),PP24(KP)EP24
ABSUL{PAZ24-PP24(KP)}/PA24)}*100.)

Tl

YO 223

LP23,PA23,ATLLP23) ,ASDI(LP23),PP23(KP},EP23
ABS{((PA23-PP23(KP})/PA23)*100.)

T1

TO 222
LP22,PA22,AIILP22),ASDILP22),PP22(KP),EP22
ABSU{( P 2-PP22{KP)}/PA221%100.)

T1

TO 221

0397
0398
0399
0400
0401
0402
0403
0404
0405
0406
0407
0408
0409
0410
0411
0412
0413
0414
0415
0416
0417
0418
0419
0420
0421
0422
0423
0424
0425
0426
0427
0428
G429
0430
0431
0432

#6T



221

220

219

218

217

N =20

WRITE (KOy559)

WRITE (KO,556)
Tl =

WRITE (K0,555}

N = Ntl

IF (N.LT.4) GO

N =0

WRITE (KO.559)

WRITE (KO,556)
Tl =

WRITE (KO,555)

N = N+l

IF (NeLTe4) GO

N =0

WRITE (KO4559)

WRITE (KO,556)
T =

WRITE {K(O,555)

N = N+1

IF (NelLTe4) GO

N =20

WRITE (KD,559)

WRITE {KQ,556)
TL =

WRITE (KO4555)

N = N+1

IF (NcsLTa4) GO

N=2J0

WRITE {KG,559)

WRITE (KO,5561)
TL =

WRITE (KD,555)

N = N+1

IF (Na.LT.4}) GO

N =0

LP21yPA21,AT{LP21) ,ASDILP21),PP2L{KP)},EP21
ABSUUIPAZI-PP2L(KP))/PA21)*100.}
T1

70 220

LP20,PA20, AT (LP20),ASDILP20),PP20(KP),EP20
ABS({(PAZO-PP20{KP))/PA20}%*100,}

T1

10 219

LPL9yPALS, AT (LPL9) yASDILPL19}sPPLI(KP)EPL9
ABS{I(PAL9-PP]19(KS))}/PAL9)I*100,)

T1

TO 218
LP18,PALE,AI{LP18),ASD(LP18),PPLBIKP),EPLSB
ABS({{PALB-PPL3(KPi)/PALB)*100,)

Tl

T0 217

LPL7+PALTAT{LPLIT) JASDILPLTIPPLT(KPILEPLT
ABSUCI(PALT-PPLT7(KP})/PALT)*100.)

Tl

TO 216

S

0433
0434
0435
0436
0437
0438
0439
0440
G4al
0442
0443
0444
0445
0446
0447
0448
0449
0450
0451
0452
0453
0454
0455
0456
0457
0458
0459
04560
0461
0462
0463
D464
0465
04566
0467
0468

GST



216

215

214

213

212

WRITE {KO,559])

WRITE (KO¢556)
T1 =

WRITE (KO0y555%

N = Ne¢)

IF (N.LTe4) GO

N=20

WRITE (K0y559)

WRITE (KD,556)
Tl =

WRITE (KC¢555)

N = N¢l

IF (N.LT.4) GO

N=20

WRITE (KD,559)

WRITE (KO,556}
Tl =

WRITE (KQO,555)

N = N+1

IF (NelLTo4) GO

N=20

WRITE (K0,559)

WRITE (KOD.556)
Ti =

WRITE (K(,555)}

N = N+1

IF (N.LT.4)} GO

N =20

WRITE (KO,559)

WRITE {KD,556)
11 =

WRITE {(KDy555)

N = N+1

IF {NelLTe4) GO

N=20

WRITE (KD,559)

LPl6,PALS,ATILPLE) 4ASD(LPL6) ,PPLOEI(KP) ,EPLS
ABS{({PAL6—PPLl6IKPE)/PAL6}I*100.)
Tl

TO 215

LP15+PALSAI{LPLS) 4ASD(LPL5),PPLI5(XP),EPLS
ABSE{(PALS~PPLSIKP)) /PALS)*100.)

T1

TO 214
LPl4yPAL4,AI(LP14),ASDILP14},PPL4(KP),EPLS
ABS{{{PAL4-PPL4{KP)}/PAL4L)*100,}

Tl

TO 213
LPL3,PAL13,AT(LPL13),ASD(LP13),PP13(KP),EPL3
ABS{({IPA13-PP13(KP))/PAL3)*100.)

Tl

TD 212
LP12,PAL2,AT(LP12),ASDILP12)+PPL2(KP),EPL2
ABSU{{(PAL2-PPL2IKP)}/PAL2)*100.)

Tl

T0 211

0469
0470
0471
0472
0473
0474
0475
0476
0477
0478
0479
0480
0481
0482
0483
0484
C485
0486
0487
0488
0489
0490
0491
0492
0493
0494
0495
0496
0497
0498
0499
0500
0501
0502
0503
0504

961



211

210

209

208

207

206

WRITE (K3,556)
Tl =

WRITE (KD:555)

N = N+l

IF (N.LT.4} GO

N=20

WRITE (KO¢5591)

WRITE {KD,556)
Tl =

WRITE (K(Q¢555)

N = N#)

IF (NelTe4) GD

N=20

WRITE (KDy559)

WRITE (KO,5561)
Tl =

WRITE (KC¢555)

N = N+l

IF (NaLTo4) GO

N =0

WRITE (KO,559)

WRITE (KOy556)
Tl =

WRITE (KOs555)

N = N+l

IF (NeLTa4) GO

N=20

WRITE {(K0y559)

WRITE (KQ,4556}
¥l =

WRITE (KD,555)

N = N+l

IF {(NJLTs4) GO

N=20

WRITE (KQ,559)

WRITE (KD,556}

LPL1,PALL,ATCLPLL}ASDI(LPL1Y},PPL1L(KP)},EPLL
ABS{{(PALL-PPL11{(KP})/PAL1)*100.)

Tl

TO0 210
LP10+PA10,ATILP 10} »ASDI(LPLC),PPLO(KP),EPLD
ABS{({PALO-PPLIO{XP))}/PALDI*100.)

Tl

T2 209

LPOyPAG,ATILPY) yASDILPI)PPIIKP}ILEPY
ABS({{(PA9-PPI{KP))/PA9)*100.}

T1

70 208

LPByPAB, AILLP3),ASDILPB),PPBIKP},EPS
ABS(L{(PAB-PPBIKPI)/PABI*100,. )

Tl

T0 207

LPT+PAT,ATI(LPT) ,ASDILPTI+PPTIKP),EPT
ABSC(((PAT-PPTI(KP))/PATI*100.)

Tl

TO 206

LP5yPAG, ATILPOE)y ASDILPO) «PPHIKPILEPS

T

0505
0506
0507
0508
0509
0510
0511
0512
0513
0514
0515
0516
0517
0518
0519
0520
0521
0522
0523
0524
0525
0526
0527
0528
0529
0530
0531
0532
0533
0534
0535
0536
0537
0538
0539
0540

51



205

204

203

202

201

Tl =

WRITE (KO¢555)

N = N+l

IF {(NalTe4) GO

N=20

WRITE (KD4559)

WRITE (KO4556)
Tl =

HRITE (K0,555)

N = N+l

IF (NeLTe«4) GO

N =20

WRITE (KO:559})

WRITE {KO,556)
Ti =

HWRITE (KO,555)

N = Nel

IF {NaelTe4) GO

N=20

WRITE (KG+559)

WRITE (KO45561)
TY =

MRITE (KD,555)

N = N+l

IF (N.LT,.4) GO

N=20

WRITE (KQ0,559)

WRITE (KO¢556)
Tl =

WRITE {KD,555)

N = N+l

IF (NelLTe4) GO

N=20

WRITE (KG,559)

WRITE (KQOy556)
Tl =

ABS({{(PAG—PPEIKP))/PAG)*100,.}
T1

70 205

LP5,PAS,AT(LPS} ,ASDILPS)PPS5(KP),EPS
ABS({(PAS-PP5{KPI ) /PASI*100,.}

Tl

TO0 204

LP4sPA4, AT{LP4 ) 4ASDILPF4),PP4(KP)EP4
ABS{{(PA4—PP4{KP)I/PA4G)*100.)

T1

T0 203

LP3,PA3,AT(LP3) (ASDILP3),PP3LKP),EP3
ABSIU(PA3-PP3IKP))/PA3)*100.)

Tl

TO 202

LP2sPA2, ATILP2),ASDILP2),,PP2IKP),EPZ
ABSUUIPAZ2-PP2IKP))/PAZ2)%100,)

TL

70 201

LPLyPAL+AT(LPL) sASDILPL)PPLIKP),EP]
ABS{{(PA1-PPL1(KP)}/PA1)*100.)

0541
0542
0543
0544
0545
0546
0547
0548
0549
0550
0551
0552
0553
0554
0555
0556
0557
0558
0559
0560
0561
0562
0563
0564
0565
0566
0567
0568
0569
0570
0571
Q572
0573
0574
0575
0576

88T



WRITE (KOs555) T1

547 FORMAT (///710X,"MANEUVER: STEP RUDDER DEFLECTION AT T=0',/721X,*MA
1XIMUM DEFLECTION OF *,F4,1,"' DEGREES')

548 FORMAT (///710Xs*MANEUVER?: ZIG-2AGyWITH STEP RUDDER4/21X, "DEFLECT
LIONS OF "3;F4.1s* DEGREES AT'3/21Xe'TIME T=100 AND T=200 SECONDS®)

549 FORMAT (//7710X,*MANEUVER: ZIG-ZAG, WITH SINUSOIDAL RUDODER',/20X,"
1 DEFLECTIONS DF PERIOD® ,F6.1s' SECONDS AND®, /21X, *MAXIMUM DEFLECTI
20NS OF*4F5,1,4' DEGREESY)

550 FORMAT(///710X,*SYSTEM: MARINER-CLASS SURFACE VESSEL?)

552 FORMAT (///710X,*TRIAL PERIOD: *,I4,' SECONDS*)

553 FORMAT (///10X,*NOISE LEVEL: MEASUREMENT NOISE = ",13,'%8%,//24X,!
1PROCESS NOISE - ',13,737)

555 FORMAT (//8Xs*IDENTIFICATION WITHIN 9,F5,2,'% OF THE TRUE VALUE.
1)

556 FCORMAT(///7778Xs'NP = ', 13,5X,"TRUE VALUE =19,2X,E13.5//8X,'Svy =V,
12XsE13,5,°¢ + OR - CeE13.5//78Xy'FVY  =9,2X3E13.5," + QR - *yE13,
25)

557 FORMAT {1H1 o 777 72 X g ¥ sk skokoje st e skole e e o o s e ok e iz s e ale ol e o o o e afe s ok ok s e sk s e e e e o sl 3 ek
YAk ¥, FOY 6k
2 *4,/2Xy"%* PARAMETRIC IDENTIFICATION - EXTENDED KALMAN FILTE
3R x, /2Xy "%

HR Y, 2%y @ e ajc e ke e ok 3¢ s ok ke abe e 2ok 2 3k i s sk 3 afeale ke o s 3k 3l e ke ol e o s ofe s 3 3k o ok e ol ate ool e o ok ool sk o ek ok @ ]
558 FORMAT (////720X,* (NON-LINEAR MODEL)*})
559 FORMAY (*1v')
566 FORMAT (///10X,*TIME STEP: %,F3.,1,' SECONDST')
562 FORMAT (///10X,*NUMBER OF PRIMARY STATE VARIABLES: Y912}
561 FORMAT (///710X,*EXAGGERATED NOISE FACTOR: ,F5,.1)
563 FORMAY {//710X,"NUMBER CF COEFFICIENTS IDENTIFIED: I3
560 CONTINUE
GO 701

909 CONTINUE
CALL ENDPLT(T7.0+G+04999)
END

o577
0578
0579
0580
0581
0582
0583
0584
0585
0586
0587
0588
0589
0590
0591
0592
0593
0594
0595
0596
0597
0598
0599
0600
0601
0602
0603
0604
0605
0606
0607
0608
0609

651



Oo0ao

QOO0 0

SUBROU
1HZ, ZER

SUBROU
MATRIC

INTEGE
DIMENS
DOUBLE
DOUBLE
DOUBLE
DOUBLE
COMMON
COMMON
COMMON
C OMMON
COMMON
CCMMON
COMMON
COMMON
COMMON
COMMODN

e 3ok doagk ook ook

bl
>
n
(T O T T I T [ I

TINE SETUP(QsRLPyNO,SPyEHT ISTyICVsA,Al p»ASD,PMS, XHT,XBAR,
o)

TINE SETUP ASSIGNS THE INITIAL VALUES TO MOST OF THE
ES USED IN THE IDENTIFICAYION

R §P
I0ON ZERO(L)

PRECISION IST(1),ICV{1) HZINO,SP)

PRECISION QULP4LP)oRILP,LPILEHTHISP,SP)+XHT{1): XBARL1)}
PRECISION A{1),AT{1) ASD{1),PMS(1)

PRECISION PW,QHW

FPRML/ PALl,PA2,.PA3,PAL, PAS.PAG+PATPAB,PAS,PAL1O,PAL11,PA]12
FPRM2/ PAL13,PAL14,PALS,PALG,PALTPALB ,PA2Q,PA21,PAZ22,PA23
/PRM3/ PA24.PAZ5,PA26,PA2T,PA2ZB,PA29,PA30,PA3]1,PA32,PA2]3
JPRAM3/ LPL7.,LPL1BLPL9,LP20,LP21,LP22,LP23,LP24,LP25,LP26
FPRAMG/ LP2T4LP284LP29:LP30,LP31,LP32,LP33,LP34,1P35,1LP36
FPRAMZ2/ LPO9,LP10,tP11,LPL2,0iP1l3,LP1l4,LPLI5,LP1l6

FPRAMLYZ LPLyLP2yLP3,LP4,LPS.,LPE,LPT,LPS

JTEXAG/ PW,QH

FPKI/ G

FPRM4/ PA34,PA35,PA36

THE TRUE VALUES OF THE COEFFICIENTYS 7O BE IDENTIFIED

AILP1)
A(LP2)
A(LP3)
A(LP4)
A(LPS)
A(LP6)
ALLPT)
A(LP8)
A{LP9)

0001
0002
0003
0004
0005
0006
0007
0008
0009
oo1lo0
0011
0012
0013
G014
0015
0016
00LT
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

09T



OOOn

20

PA1D
PAll
PAL12
PAL3
PAL4
PAl1S
PA16
PAL1T
PALB
PAL19D
PA20O
PA21
PAZ2
PA23
PA24
PA2S
PA26
PA2T
PA28
PA29
PA30
PA31
PA32
PA33
PA34
PA3S
PA36

Wopwn s nnn R BB

ASSIGN

ALLP10O)
A(LPLL)
AtiLpPlr2)
A{LPL13)
A{LP14)
ALLP15)
A(LPLl6}
A(LPL17)
A{LP14}
A(LP19)
A(LP2D)
A(LP21)
A{LP22)
A{LF23)
AlLP24)
A{LP25)
A(LP26)
ALLP2T)
AlLPZ8)
A(LP29)
A{LP30D)
A(LP3])
A(LP32)
A(LP33)
AlLP34)
A(LP35)
A{LP36)

INITEAL

EXTENDED STATE

DO 20 I = L.NO

XHT(I) = IST(I}

STATE AND COEFFICIENT ESTIMATION VALUES TO THE -

VECTOR

CONTINUE
XHT(NO#+1) = AI(LP1}
XHT(NO+2) = AT{LP2)

0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
00560
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072

191



XHTINO+3}

XHT{NO+4)

XHT {ND+5)

XHTINO+ 6}

XHTIND+T)

XHTI{NO+8)

XHT{ND+S)

XHT(NO+10)
XHTIND+11)
XHTING+12)
XHT{NO+13)
XHT(NO+14)
XHTINO+15)
XHT(NG+16)
XKHTINO+17)
XHT{NO+18)
XHT(ND+19)
XHT(NO<+20)
XHT (NC+21)
XHT(NO+ 22}
XHT{NO+23)
XHTINQ+24)
XHTINDO+25}
XHTINO+26})
XHT(ND+27)
XHT(NO+28)
XHTI{NO+29)
XHT{NO+30)
XHT {N+31)
XHTI{NO+32)
XHTINDO+33)
XHTI(ND+34}
XHT{ND+35)
XHT(NO+36}

INITIALIZE

(U I I (T L

AI{LP3)
Al{LP4)
AT(LPS)
AT(LP6)
ALILPT)
AT (LPB)}
ATILPI)
AT(LP10)
AT (LP11}
AT(LPL2)
ATiLP13)
AT{LPl4)
AT(LP15)
AT {LP16)
AL{LPL1T}
AI(LP18)
AT{(LP19)
AT(LP20}
AT(LPZ21}
ATtLP22)
AllLP23)
AI(LP24)
AT(LPZ25)
AT{LP26)
AT(LP27}
AI(LP28)
AT{LP29)
AT(LP3O)
AI(LP31)
AL (LP32)
Al (LP33)
AT(LP34)
AT{LP35)
AT{LP36)

TR B IR R O I I I L T T T O IV

THE MEASUREMENT FUNCTION

0073
0074
0075
0076
ooT?
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
0088
0089
0090
0091
0092
0093
0094
0095
0096

0097

0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108

291



OO

91

300

21

DO 4 N1 = 14NO
DO 5 M1 = 1,SP
HZ(N1yM1} = 0.DD
CONTINUE
CONTINUE

DO 3 N1 = 1,NO
HZINLsN1) = 1l.DO

CONT INUE

DO 91 N = 1,SP
XBARIN) = 0,00
CONTINUE

DC 300 I1 = 1,47
ZEROLII) = 0.0
CONTINUE

INITIALIZE THE ERROR COVARIANCE MATRIX

DO 7 N1 = 1,59

DO 6 Mi = 1,5P
EHT(N1,M1) = 0.D0
CONTINUE

CONT INUE

DO 21 I = 1+NO
EHT{I,1) = ICV{I)

CONY INUE

EHT(ND+1,NO+1) = ASDILP1)**2
EHT{NO+2,NO+2) = ASD(LPZ)*%2
EHT(ND+3 4NO+3) = ASD(LP3}*%2
EHTINC*4,NO#4) = ASDILP4)*%2
EHT INO+5,NO+5)} = ASDILPS)*%2
EHTINO+64NO+6) = ASDUILPE)*%2
EHTI{ND+7,NO+T7) = ASDILPT)»%2
EHT(NO+B8,NO¢8) = ASDI(LPE)**2
EHT(NO+9,NG+9) = ASD(LP9}*%x2

EHT (NO+10,NO+1N} = ASDILP10O}*%2

0109
o110
0111
0l12
0113
0l1l4
0115
0116
0117
o118
0119
0120
0121
0122
0123
l24
o125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0144

£91



OO0

- N

EHT(NO+11,NO+11)
EHT(NO+12,NO+12)}
EHT{NG+13,NC+13)
EHT{NO®14 4ND+14)
EHTINO+15,NDO+15)
EHT(NO+16,ND+16)
EHTINO+17,NO+17}
EHT(NO+18,NO+18)
EHT {ND+19,ND+19)
EHT {NO+ 20,N0+20)
EHTI{NO+21,NO+21)
EHT(NO+22 {NO+22)
EHTINO+23,N0+23)
EHT INO+24,N0O+24%)
EHT(ND+25,ND+25)
EHT{NDO+26,NO+26)
EHTINO+27,NO+27)
EHT{NO+28,N0O+28)
EHTI(NO+29,NO+29)
EHTINO+30,NG+30)
EHTI{NO#31,NC+31)
EHT (NC+32,N0D+32)
EHT{NO+33,ND+33)
EHTIND+34,NO+324)
EHT (ND+35,N0O+35)
EHT INO+36,NO+36)

L T T T O | T T O | O O [ T T O VA T DO T O O I

ASOILPL1Ll)**2
ASDILPL2 )%%2
ASD{LP13)%x2
ASDILPL4 ) *%2
ASDILP15)%%2
ASD{LP16)**x2
ASDOLPLT ) %x2
ASDILP18)*%2
ASCILP19)%%2
ASD(LP20 )**2
ASDILPZ2L)*%2
ASDCLP22)%%2
ASDILP23)%%2
ASDILP24)%%2
ASDILP25 j*%2
ASDILP26)¥%2
ASDILP2T ) %2
ASD(LP28)%*x2
ASD{1LP29)*%*2
ASDULP30 ) *%2
ASDILP31)%%x2
ASDILP32 ) %k%2
ASDLLP33 )*%x2
ASDILP34 )2
ASDILP35)%%x2
ASDILP36)%*%2

SET EXAGERATED NOISE PARAMETERS

BO 1 N1 = 1,LP
DO 2 M1 = 1,LP
QINLsM1) = 0.0D
R(N1,M1} = 0,D0
CUNTINUE
CONTINUE

DC 55 TR = 1,NO

--'“r?

0145
0l46
0147
0l48
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160
0i61
olez
0163
0164
0165
0166
0167
0168
0169
0170
o171
o172
0173
0174
0175
0176
Q177
0L78
0179
oL80

91



55

IA
IV
QUIR,IR)
R{IR,IR)
CONT INUE
RETURN
END

IR+2%N0O
TIA+NO

QWkPMS [TA)*x2
PWAPMS(IV)*%2

d

cl181
0182
0183
0184
0185
0186
0187

¢91



aleXeRuNaXnNaNyl

c
c

SUBROUT INE RKL{HsTIs XVIaXRI 4 XP STy XVDIoNyA9ZVZR,ZIPSy2ZVD,US,DUS, TS,
1INy Py WN, VN NG V)

SUBROUTINE RXL GENERATES THE NOISY SEA TRIAL DATA USED FOR THE
IOENTIFICATION BY THE KALMAN FILTERceoTHE EQUATIONS OF MOTION ARE
USED TO GENERATE MOTION TRAJECTORIES WITH A SPECIFIED LEVEL OF
NOISEee s USING THE RUNGE—-KUTTA 4TH ORDER INTEGRATION TECHNIQUE,
THE VALUES OF THE STATE VARIABLES AS A FUNCTION OF TIME ARE
RETURNED TO THE CALLING PROGRAM

INTEGER SP
DIMENSION IN{1l)

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOuUBLE
DOUBLE
DOuUBLE
DOUBLE
DOUBLE
DOUBLE

DOUBLE

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
COMMIN

e sie 3 e o ok v ok e

PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISTON
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
/PKI/ G

Us UD,DUDLUS(L1Y,DUS(Y)
HeHM 3 T TI s TM, TN,TST 1}
WL,VLsWN{L1),VYNI1)
vV(376)

Pil),A(1)

ZVUL1) s ZRO1 D2 ZPS{1 ), 2ZVDI1)
FNLV.FNLR

Dv, DR

121,222
XYIeXRI XPST ¢ XVDI
XVeXR e XPS 4 XVD
YV1,YV2,YV3,YV4
YR1,YRZ2,YR3, YRS
YPS1,YPS2,¥YPS3,YPS4
YvD1l.,YVD2,¥YVD3,YVD4%
XNy XRNy XP SN, XVDN

YVIN YVZN, YVIN,YV4N
YRIN,YR2N, YR3N, YR&N
YPSIN;YPS2N,YPS3N,YPS4N
YVDIN, YVD2N,YVD3N,YVD4N
DSIN,DCOS

0001
0002
0003
0004
0205
0006
0007
0008
0009
Qo190
0011
0012
0013
0014
0015
0016
0017
0018
0C19
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

991
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OO0 OO0

QOO0

333

INITYALIZE THE STATE VARIABLES AND THE TIME INCREMENT USED IN THE

INT

H¥
NVA

START THE INTEGRATICN LLCCP,

na
™
TN
up
us(
DUS

GENERATE THE GAUSSIAN PROCESS NOISE FOR EACH STATE VARIABLE IN
THE INITIAL PHASE 0OF THE TIME STEP

00

WN(
CON

CALCULATE THE NOISELESS STATE VARIABLES AT THE START 0OF THE TIME
REMENT, AT TIME T

INC

EGRATION

LI | O A
>
<
—

R NO

300 [4 = 14N
T+HM

= T+H

= u{m

IJ) = UD

(1J) = DUD(T)

333 IVAR = 1,NVAR
CALL WNO(IN,P,IVAR,NVAR,,WL)

IVAR]) = WL
TINUE

ONE CIRCUIT PER TIME STEP

0037
no3s8
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
NN6S
0066
0067
0068
0069
0070
0071
0072

49T
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laEaNe

OO0

OO0

335

DV = FNLVIXV:XR:UDLA}
DR = FNLR{XV4XR,UD,A)
YVl = H*DV

YR1 = H=*{R

YPS1 = H=®XR

Yvbl = DV

CALCULATE THE NOISY STATE VARIABLES AT TIME T FOR GENERATING THE

ACTUAL NOISY DATA FOR THIS TIME INCREMENT

VVIN = H*{DV+G=WNI{1})
YRIN = H*(DR+G*WN(2))
YPSIN = HX{XR+GXWN(3))
YVDIN = DV+GXiWN{4}

221 = XV+(.,5%YV1

122 = XR+(Q.,5%¥YR]

0 = U{TM)

i

GENERATE NEW PROCESS NQOISE FOR THE SECOND PHASE OF THE INTEGRATION

0O 335 IVAR = 1,NVAR

CALL WNO({IN,P,IVAR ,NVAR,WL]}
WNUIVAR]} = WL

CONTINUE

DO THE NOISELESS STATE CALCULATIONS AT TIME TM

DV = FNLV({Z7Z1,1Z2,UD.A)
DR = FMLR{ZZ1,ZZ22,UD,A)
YVvZ2 = HEDY

YR2 = H=*DR

YPS2 = H*ZZ712

Yvpz = DV

DO THE NOISY STATE CALCULATIONS AT TIME TM

0073
0074
0075
0076
0077
onT8
0079
0080
0081
o082
0083
0084
0085
0086
0087
0088
0089
0030
0091
0092
0093
0094
Q095
0096
0097
0098
0099
0109
01C1
0102
N1D3
0104
0105
0106
0107
0108

891
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OO0

OO0

YYD

336

DV

YVZN H={DV+GXxWNE 1))
YR2N H* (DR+G*WN{2))
YPS2N = H*(ZZ24G*WN(3})
YVD2N = CDV+G*WN(4])

1Z1 XV+0, 5%YV2

212 XR+0,5%YR2

GENERATE PROCESS NOISE FOR THE THIRD PHASE OF THE INTEGRATION

DO 336 IVAR = 1l,NVAR

CALL WNOU(INgP,IVARsNVAR, WL}
WN{IVAR) = WL

CONTINUE

DO THE NDISELESS STATE CALCULATIONS AT TIME TM

= FNLV{ZZ1,ZZ2,UD,A)
DR = FNLR{ZZ1,Z72;UD,A)
YV3 = H¥DV
YR3 = H*CR
YPS3 = H*Z2Z2
YVD3 = DV

DO THE NOISY STATE CALCULLATIONS AT TIME TM

YV3N = H¥(DV+G*WNI(1))

YR3N H* (DR+GXWN(2) )
YPS3N = H*x(ZZ2+4G*WN(3}}
YVD3N = DV+G*WNI4)

ZZ1 = XV+YV3
222 = XR+YR3
ub = U(TN)

GENERATE PROCESS NOISE VALUES FOR THE FINAL PHASE OF THE
INTEGRATION AT THE END OF THE TIME INCREMENT

0109
0110
niil
011z
0113
0114
0115
0116
0117
olLls
nile
0120
0121
0122
0123
0124
0125
cl26
0127
0128
0129
2130
G131
0132
0133
0134
n135
0136
0137
N138
0139
0140
0141
0142
0143
0144

691
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OO0
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337

DO 337 IVAR = 1,NVAR

CALL WNOUIN,P,IVAR,NVAR, kL)
WNIIVAR) = WL

CONTINUE

DO THE NOISELESS STATE CALCULATIONS FOR TIME TN

DV = FNLV(ZIZ1,272,UD,A)
DR = FNLRUZZ1,222,UDsA)
YV4 = H*DVY

YR4 = H¥DR

YPS4 = H*ZZ12

YvD4 = DV

DD THE NOISY STATE CALCULATIONS AT TIME TN

YV4N = Hx{DV+GRWN{1))
YR4N = HX{DR4+GXxWN{2]})
YPS4N He(ZZ2+G*WNI3 1)

YVD4N = DV+G*WN(4)

FIND THE VALUE OF THE STATE VARIABLES OVER THE INCREMENT AND ADD

TO THE CUMULATIVE TOTAL OVER ALL TIME

EV = XV4#1a/6,%{YVI+2.%YV242 ,¥YVIHYVSG)

XR XR+1o/6.%¥{YR1+2.,%YR242.,%xYRI+YR4)

XPS = XPS414/6.%{YPS142,*YPS2+2,%2YPS3+YPS4)

XVD = 1o/6o%(YVDL4+2.*%YVE242,%YVD3+YVD4)

XVN = XVUN#1la/6. (YVIN#2,XYVZIN+2,%YVIN+YV4N)

XRN = XRN+1o/6*%(YRLN42 o XYRZN+2 ., *YRIN+YR4AN)

XPSN = XPSN+1l, /6% (YPSIN+2, %YPS2N+2,*YPS3N+YPS4N)
XVEN = Lla/6e*{YVDIN+Z2.RYVD2N+2,.%YVDIN+YVD4NY)

GENERATE THE GAUSSIAN MEASUREMENT NQISE FOR EACH MEASURED STATE

VARTABLE T3 BE OQUTPUT

0145
Gl4a6
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
D157
o158
0159
0160
0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171}
0L72
0173
0174
Q175
0176
0177
0178
0179
0180

04T
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laNeRxE %!

334

300

301

e

DO 334 IR = 1,NVAR

IVAR = IR4NVAR .

CALL WNOUIN,PoIVAR;NVAR, W)
VNIIR) = WL

CCNTINUE

DETERMINE THE MEASURED NOISY OUTPUT OF THE SYSTEM

VITJ) = ¥YNIL)

VL = VN(2)

IR({IJ} = XRN+VL
VL = VYN{(3)
ZPSIIJ4) = XPSN+VL
VL = VYN{4)
ZVDUEJS ) = XYDN+VL
T = T4H

TS(I14) = 1
CONTINUE

USIN+1) = UD
DUS(IN+1) = DUDITN}

INTEGRATE THE MEASURED NOISY ACCELERATION TO GENERATE A NOISY

SWAY VELOCITY OUTPUT

ZVEL) = Q.5%H*{XVDI+ZVD(1))

DG 301 IK = 2,N

IVIIK) = ZVIIK-1)40c5%H*{ZVD(IK)+ZVD(IK~11})
CONTINUE

DG 302 KI = 14N

ZVIKI) = ZVIKII+VIKI)

CONT INUE

RETURN

END

0181
0182
0183
0184
0185
0186
0187
0L88
0189
0190
0191
0192
0193
0194
0195
0196
0197
n198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
0213

14T
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AS A FUNCTION OF TIME
DOUBLE PRECISION DyDIT,TL,DSIN,PER
COMMON /JINPUT/ DITiLJdJ
xe e Aok ok
D = DI/5T.296
GL TO (10,204,300 ,JJ
STEP RULCER DEFLECTION
12 U =D
RETURN
ZIG-ZAG RUDDER DEFLECTICON
20 IF (T-100c) 3¢44+4
3 U=2>0
RETURN
& IF (T-200c) 54646
5 U= =D
RETURN
5§ U = Q,D0
RETURN
STNUSDIDAL RUDDER DEFLECTION

30

DOUBLE PRECISION FUNCTION ULT)

FUNCTION U(T) GENERATES RUDDER DEFLECTIONS FGOR SPECIFIC MANEUVERS

PER = T/TL%®3,14159
U = D*DSIN{PER])
RETURN

END

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0olé
0017
0018
0019
0020
Qo021
0022
0023
0024
0025

0026

0027
0028
0629
0030
0031
0032
0033
0034
0035

2L



DOUBLE PRECISION FUNCTYTICON DUD(T) 0001

s NelgEe

OO0

e X2 Ee

aRaNe

0002

FUNCTION DUD(T) CALCULATES THE TIME RATE OF CHANGE IN THE RUDDER 00903
CEFLECTION FOR SPECIFIC MANEUVERS 0004
0005

DOUBLE PRECISION D+DIoT,TL,DCOS,PER 3006
COMMON /ZINPUT/ DITL.Jd goo7
0008

S e ol e ok e o ol e QOon9
0010

D = DI/BT:236 0011}

GO TN (10+4204+32)544 0012
0013

STEP RUDDER DEFLECTION ola
0015

10 DUD = 0,00 0016
RETURN 0017
0018

216-ZAG RUDDER DEFLECTICN 0019
0020

20 DUD = 0.CO 0021
RETURN 0022
0023

SINUSOIDAL RUDDER DEFLECTION Q024
0025

30 PER = T/TL*3,14159 0026
DUD = D*DCOS(PER) 0027
RETURN 0ozs
END 0029

€41
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SUBROUTINE WNOCIN; P, IVAR,NVAR, W) 0001

0002
SUBROUT INE WNO GENERATES GAUSSIAN WHITE NOISE FROM THE SPECIFIED 0003
STATISTICAL PROPERTIES CF THE DESIRED NOISE LEVELS 0004

oons

DIMENSION IN(1) 0006
DOUBLE PRECISION PL)sAM,S,W 0007
0008

3 2 o 3 e e e e e 0009
0010

IX = IN{IVAR) 0e1l
LW = IVAR+2%NVAR 0012
0013

DESIRED MEAN 0014
0015

AM = PLIVAR) , 0016
0017

DESIRED STANDARD DEVIATION 0018
0019

S = PILW) 0020
CALL GAUSS(IXsSsAM,W) 0021
IN{IVAR) = IX 0022
RETURN 0023
END 0024

e 1
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OO0

SUBROUT INE GAUSSITIXyS+AM,W)

SUBROUTINE GAUSS COMPUTES A NORMALLY DISTRIBUTED RANDOM NUMBER
WITH A GIVEN MEAN AND STANDARD DEVIATION

DAUBLE PRECISION SyAMpWsA

e e ske afe ke e e e e

50

A = 0,00

oo 50 1 = 1,12

CALL RANDU(IX,IY,Y)
IX = 1Y

A A+vY

W (A=6.D0)}%5+AM
RETURN

END

0001
co02
0003
0004
0005
0006
0007
0008
0009
0010
0011
o012
0013
0014
0015
aolé
Q017

LT
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SUBROUTINE RANDU(IX,TY,YFL)}

SURROUTINE RANDU GENERATES UNIFORMLY RANDOM NUMBERS FUR USE IN

SUBROUTINE GAUSS

Iy = 1

X*65539

IF (1Y) 5,646

Iy =1
YFL =
YFL =
RETURN
END

Y+214T7483647+1
iy
YFL*0,4656613E-9

0001
0002
0603
0004
0005
o006
0007
0008
0009
0010
0011
0012

941
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DOUBLE PRECISION FUNCTICN FNLVIXVeXRsUsA) 0001

0002

FUNCTICN FNLV CALCULATES THE VALUE QF THE TIME DERIVATIVE OF THE 0003
SWAY VELOCITY 0004
0Qns

DOUBLE PRECISION XVeXRyUsAUL)sF2,F34F4 0006
0007

3 R R R 0008
nod9

F2 = A{9)+A{6)EXVHFA(TI*XR+ALBIRUFA( 26 1¥U%%x3 +A(2T)RXREXVE%X2 +A{28) 0010
1% Y Xk 2 0011
F3 = A(LIS)+A(12)2XVHACL3 ) XXRHA(L14I*¥U+A(3I1I%UR%3 +A(32 )% XREXVYX%2 +A 0012
1(33)=Un)yrk2 gol13
Fa = 1la/7(AC4I*A(LL)-ACLIQ0I®A(S)) 0N14
FNLVY = F4x{A(11}%F2-A(5)%F3} Q015
RETURN 0016
END ao17r

L4
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DOUBLE PRECISION FUNCTION FNLR{XVyXR,U,A) 0001

0002

FUNCTION FNLR CALCULATES THE VALUE OF THE TIME DERIVATIVE OF THE 0003
YAW VELOCITY 0004
0005

DOUBLE PRECISION XVyXRyUsA{L)yF24F3,4F4 0006
0007

ook dkokokk 0008
0009

F2 = A{9)+AL{6IEXVHAAL{TI®*XR+A{BI*U+A(26 1kU¥%3T +A[Z2TIHXRRXV*%2 +A(28) oolo0
1R XVx2 D011
F3 = A(15)+A{12)%XVeA(13)*XR+A(14)*U+A{31}RU**3 +A(32)kXREXVER2 +A 0012
LU33 ek y®®2 0013
F4& = 1./(A04)*xA(11}-AC1C)*A(S}) 0014
FNLR- = F4x(A{4)*F3-A(10)*F2) 0015
RETURN 00l6
END 0017

841
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A0

301

302

303

SUBROUT INE SHOMO(ULyV1sU29V2yU3,V3y XPAGE YPAGE.IPENKyM,YLABEL)

SUBROUT INE SHOMD CAM BE USED TO PORTRAY THE MODTIONS OF THE VESSEL
USING THE CALCOMP PLOTTING ROUTINE...IT CAN BE USED IN CONJUNCTION
WITH OR SEPERATE FROM ThE ALTERNATE ROUTINE PLOTM.

DIMENSION UL(L),vILL),U2(L),vV2(1),U3(1),V3(1)
DIMENSION YLABEL(1)

IF {K.EQ.1} GO TO 306

IF (M3GTs1) GO TO 307

PRINT A KEY FOR PLOT IDENTIFICATION.

CALL SYMBOL{2.0:0eT7% 90014y "MEASUREMENT NOISE - 5% *,0.0,23)
CALL SYMBOL (2409042590414 'PROCESS NOISE ~ 5% "40.0+19)
X = 13.24

CALL SYMBOL(11e0+1+090e149*FILTERED STATE " 7,0.0416)
CALL SYMBOLUIX»100+0514425,050.-1)

X = X+0.15

DC 301 I = 1,5

CALL SYMBOL(XQ[OO}O@14|15]0001-2’

X = X+0.15

CONTINUE

X = 13.24

CALL SYMBOL{11.0+045+04149"NOISY STATE "+0.0916}
DO 302 I = 1,46

CALL SYMBOL{X40e590e1l49140.804¢-1)

X = X+0,15

CONTTINUE

X = 13.24

CALL SYMBCOLU{11.04+0.090.14,'2ERD L INE *y0.0:156)
PO 303 I = 1,6

CALL SYMBGL‘X,D¢0’001491510-0'*1’

X = X+Qs15

CONT INUE

CALL PLOTIO.04+2434~3)

0001
0002
0003
0004
0005
0006
0007
0008
0609
0010
0011
0012
0013
0014
0015
0016
0017
ool8
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

6471



OO0

307 CONTINUE

PLOT BOTH THE FILTERED AND NOISY MOTIONS AS A FUNCTION OF TIME.

CALL MINMAX{V1s47,AMIN,AMAX)
IF (AMIN.LE.C.O.ANDJAMAX.GE-O.0} GO TO 304
CALL PICTUR{8.0+4.0,*TIME (SEC.)"411,YLABEL,33,U1,V1y-47,0.10,
11:U3+V344740.0,1)
GO YO 3¢5
304 CALL PICTUR(B84014eDy*'TIME (SECs) " s11sYLABEL33,ULsV1e~47,0.10,
114U25V¥2+=47+04109155U34V3947+040,1)
305 CALL PLOT(XPAGE,YPAGE,IPEN)
306 CONTINUE
RETURN

0037
0038
0039
0040
0041
0042
0043
0044
0045
Q046
0047
0048
0049
0050

081
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300

301

3n2

333

END
SUBROUT INE SHOCO(ULleV1aU24,V2I ¢ XPAGE, YPAGE +IPENKsMoN)

SUBROUT INE SHUOCO CAN BE USED TO PORTRAY THE COEFFICIENT
IOENTIFICATION AS A FUNCTION OF TIME USING THE CALCOMP PLOTTER.

DIMENSION UXEL1},VIL{L),UZ(1},V2(aT)

IF (KusEQa.l) GO TO 307

DO 300 I = 1.47

v2{(1) = v2I

CONTINUE

IF (M,GT,1) GO TN 333

CALL PLOT({0.04-2+3,-3}

CALL SYMBOLU(2.0+0075+00 14 *MEASUREMENT NOISE - 5% '40.0,23)
CALL SYMBCOLI{2.040.2540414,'PROCESS NQISE - 5% 7,0.,0,19)
X = 13.24

CALL SYMBOL(11.040754+0.14,' IDENTIFICATION *,0.0,16)
CALL SYMBOLIX,+75+0¢14+415,0,0,-1)

X = X+0.15

DO 301 I = 1,5

CALL SYMBOL(Xs2T754041451550.04-2)

X = X+0a 15

CONTINUE

X = 13.24

CALL SYMBOL{11.0ye25+0.144° TRUE VALUE 20041610

DO 302 I = 1.6

CALL SYMBOL(X'OZS'OQ14,159000'-1’

X = X+0.15

CONTINUE

CALL PLOT(C.0+203+-3)

CONTINUE

CALL PICTUR(B.044.0,"TIME (SEC.}"',11, *COEFFICIENT VALUE ',18,Ul,Vi
14T740.051,U2,V29~4730.10415)

CALL PLOT(-11s0+0e39-3)

GO TO (304,3064303,305)+N

303 CALL SYMBOL(7.5¢34590.48,85,0.09—1)

0001
0002
0003
0004
0005
0006
0007
0008
0009
0Cl10
0011
0012
0013
0014
0015
0016
o117
ools
0019
0020
o021
0022
0023
0024
0025
0026
0027
Cozs
0029
0030
0031
0032
0033
0034
0035
0036
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306

aGs

309

3210

CALL SYMBOL(B840593e¢490224510150.0,-1)
GO TO 307

CALL SYMBOL(745+3.590.48510490.0¢~1)
CALL SYMBOL{(8.05334490e244101,0.0,-1)
GG Y0 307

CALL PLOT(-0.TD9De0,-3)

CALL SYMBCL(645¢34590.48,8540.0,—1)
CALL SYMBOL{T7.05934440.24989,0.0,~-1)
CALL SYMBOL(743633.590,28515,0.05-1)
CALL SYMBOL(7c.74530550028384,5000,~1)
CALL SYMBOL(8.1213-510028!10300.0""1)
CALL SYMBOL(8.387334450.24471,0.0,-1)
CALL SYMBOL(8564+305:00628+10040.0,~1)
CALL PLOT(D.T709040,5~3)

G40 TO 307

CALL SYMBOLU6.593.540.48,10440.04-1)
CALL SYMBOL(T7405+3449042498930.0,=1)
CALL SYMBOL‘7036930590.281159000!‘1}
CALL SYMBOLU(7.7443e540.28,84,0.0,-1)
CALL SYMBOL(841243.540.28410040.0,-1)
GO TO 307

CALL SYMBCL{645+34570.28+8450.0,-1)
CALL SYMBOL{6.8533,590.28,159000,-1)
CALL SYMBGL‘7.20'3.5’0.48,104'0-0"—1,
CALL SYMBOL(74753344904240101,040,-1)
GO 70 307

CALL PLOT(-0.3:0.04=-3)

CALL SYMBGL(6.5'3.5’002818410-01-1,
CALL SYMBOL(6-85430540.28,103,0.0,-1)
CALL SYMBOL(7.11,304,0.24’71’0.09‘”‘1’
CALL SYMBOL{7.40430:5430:2851540600,~-1)
CALL SYMBOL (747543454 0.48510450.0,4~1}
CALL SYMBOL(8.3093.410s24948940404-1)
CALL PLOT(D:30,0:0,-3)

60 TQ 307

CALL pLOT("O.B 9010’-3,

0037
o038
0039
0040
0041
0042
0043
0044
Q045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
Q067
0068
0069
087G
0071
ooT2

28T



311

307

CALL
CALL
CALL
CALL
CALL
CALL

GO T2

CALL
CALL

SYMBCL{6559305+0048973,05,04—-1)
SYMBOL {7e059344+04244105,00:—1)}
SYMBOL(7436+93.590.2841540.0,-1)
SYMBOL(7.74+3.5,044858540.0,-1}
SYMBOL (842943 .410.24489,0.0,-1)
PLQT(OQ3:000'*3’

307
SYMBGL‘7-513.5'0.48’851000!"1'
SYMBDL(BQ Q5 p304'0024'439000 ""1'

CONTINUE

CALL
CALL

pLGT‘O-O"‘Ooal_B'
PLOT{XPAGE, YPAGE, IPEN]

RETURN

END

0oT3
074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086

£81
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SUBROUTINE PLOTM{NO,AsN,sMyNSyNE}
e e e e o e e o o o e e e A 0 o e s A6 080 o e ol e o e ke o e o ke sk ke o oK e 3ok ok o ok ok R ook ek
SUBROUTINE PLOT

PURPOSE
PLOT SEVERAL CROSS VARIABLES Y VERSUS A BASE
VARIABLE X IN A FORMAT SUITABLE FOR THESIS USE

USAGE
CALL PLOT(ND,A,NysMNS)

DESCRIPTION OF PARAMETERS
NO ~ PLOT NUMBER OF .LTE. 3 DIGITS
A = MATRIX 0OF DATA T0O BE PLOTTEDe MUST BE IN
STANDARD SINGLE COLUMN FORM. FIRST COLUMN
REPRESENTS BASE VARIABLE AND SUCCESSIVE
COLUMNS ARE THE CROSS VARIABLES (MAXIMUM 1S

NINE},.

N = NUMBER OF ROWS IN MATRIX A. N MUST BE
«sLTEs 47

M« NUMBER OF COLUMNS IN MATRIX A. M MUST BE
+LTE. 10

NS — CODE FOR SORTING THE BASE VARIABLE DATA 1IN
ASCENDING ORDER
0 SORTING IS NOT NECESSARY (ALREADY IN
ASCENDING ORDER})

1 SORTING IS NECESSARY
e e sk e ok o o e oo o ok e o ke e o e e ot e o ok ok ok st ofe ok oo e e ik S ok e ke ek ol ok o K

CIMENSION OUT(51) ,TANG{S),YPR{6),YPT(3),A(1)
INTEGER*2 QUT,TANG,BLANK
IF (NE.EQ.2) GO TO 99

DATA TANG /%1 %492 9,93 ¥,14 3,45 ¢ 16 ¢ 17 v 18 v _3g 1y

DATA BLANK /v vy

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
00622
00623
0024
0025
0026
0027
0028
co29
0030
0031
0032
0033
0034
0035
0036
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OO0

=~ AN e

8
9

10

11

12
14
15
16

FORMAT STATEMENTS FOR THESIS USE
FORMATIIHL1,2TXs7TH PLOT 181
FORMAT {(1H +E10.3,%%% 4,51AL, %)
FORMATILH 410X %22 ,51X,%21)

FORMAT (1H 418Xys" *e.eee* INCREMENT IS

FORMAT {1H +8X4ELl5c7¢5X3E15.745X,E15.T)
FORMAT(IH '11x’36H*0'ﬂO*DOG O*OOOO*QOOO*OOOO*OOQ O*OQOO*'
IISH...'*OOOI*..OJ*)

FORMAT {1H ¢3XyE9e291X9E92a291X9EQelelXEFa2y1X+EQe291X9EF.2)

FORMAT(1H }
NL=47

NTH=51

NLL=NL
TF{NS)16416410

SORTING ROUTINE

DO 15 I=1,N
D0 14 J=1I,4N
IF{A(T)I-A(J)}) 14,414,411
L=I-N
LL=J-N

DO 12 K=1,M
L=L+N
LL=LL+N
F=A(L)
A{Li=A{LL)
A(LL)=F
CONTINUE
CONTINUE
CONTINUE

FIND BASE AND CROSS VARIABLE SCALES

XSCAL=(A(N)-A(LI)/{FLOATINLL-1))
M1=N+1

V2ELS5.T)

0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
ND66
0067
Q068
0069
0070
0071
0072

68T



OO0

OO

40

30

45

YMAX = ~1.E37
YMIN = 1.E37

DO 40 J=M1,M2

1F (A(J} .GT. YMAX) YMAX=ALJ)
IF tA{J} LLT. YMIN) YMIN=ALJ)
CONTINUE
YSCAL=(YMAX-YMIN)/50.0

IF {(YSCAL.EQ.O.) YSCAL=1.E-37
YPR{1l) = YMIN

DO 90 KN = 1,4
YPR{KN+1)=YPR{KN]I+YS5CAL%10.0
CONTINUE

YPR{6)=YMAX

YPT{1)=YMIN

YSTAR=YSLCAL*5.0
YPT(2)1=YMIN+YSCAL*25.0
YPT(3)=YMAX

PRINT HEADING AND CROSS VARIABLE SCALE

WRITE(6,41)ND

WRITE(644)YSTAR

WRITE{6,5){YPT(IP),IP = 1,3)
WRITE(648)}{YPR(IP);IP=1,6}

WRITE(G6,7)

FIND BASE VARIABLE PRINT POSITION

XB=A(1)

L=1

MY=M-1

iI=1
XEPS=XSCAL/FLOAT{2%(NLL-1)}
F = FLOATI(I-1)

XPR = XB+FkXSCAL

0073
0074
0075
0076
0077
0078
0079
0080
oosl
ongz
0083
0084
0085
0086
0087
noss
0089
0090
0091
0092
0093
0094
0095
0096
0097
oQas
0099
0100
0101
0102
0103
0194
0105
0106
o107
0108

987



e inEe]

OO0

OO0

50

55

60

70
84

84

B6

29

XDIF=A[L)-XPR~-XEPS
IF(XCIF)I5D,50,70

FIND CROSS VARIABLES

DO 55 IX=1,NTH

DUTCIX)=BLANK

CONTINDE

DO 60 J=1,MY

LL=1L+J%N

JP = {(A(LL)-YMIN}/YSCAL}+1.0
CUTUJP)Y=TANG(J)

CONTINUE

PRINT LINE AND CLEAR, DR SKIP

WRITE{O+2)XPRy{OUTITIZ)oe1Z=14NTH)
L=L+1

GO TO 80

WRITE(64:3)

I=i+l

IF{TI-NLL)45, B4, 86

XPR=A(N)

GO TO 50

PRINT BOTTOM AND CROSS VARTABLE SCALE

WRITE(6,7)
WRITE{G6,8)(YPR(IP),IP=]1,56)
WRITE(6,9)

CONTINUE

RETURN

END

0109
0110
0l1l1l
0112
0113
0114
0115
0l1é6
0117
0118
oll9
0120
0121
0122
0123
0124
0125
0126
0127
0128
cl129
0130
0131
0132
0133
0134
J135
0136
0137
0138
0139
D140
0141

481



o0

SUBRDUTINE FILTER(EJEL4E24E34E4yESyENyEMyELsESsQ19BNyFToTyHL,H2,
1H3 4 LPy KS s EBAKy By Ky Qo RyEEJNO s ZySPyZVyZR 3 ZPS s ZVD s USyTSyXHT ¢ XBAR,HZ,
2AsCHEHTHICsIRyW4HyTIyN,DUS)

SUBROUTINE FILTER 15 THE MAIN FILTERING ROUTINE FOR THE PROGRAM

INTEGER SP

DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

DIMENSION EE(1)

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBILE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

PRECISION
PRECISIDN
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISTION
PRECISION
PRECISION
PRECISION

VP (94) ,RP{94) ,PSP{94),VDP(94)

PPL{94}4PP2(94) sPP3(94)+PP4(94)4PP5(94),PP6(94),PPT(94)
PPB{94)sPPI(94),PP10(94)+PP11(%4),PP12(94),PP13(94)
PP14(94),PP15(94),PP1l6(94})
PP1T{94),PP13(94)yPP191{94)PP20(94},PP21194),PP22{94)
PP23(94)yPP24{04)},PP25(94),PP26(94),PP2T194),PP28(94)
PP29(94),PP30(94),PP31(94),PP32{94),PP33(94},PP34(94)
PP35(94),PP361{94)

IC(1),IR(1)

DUS{1),USDV.DUD,+UZD

Wil)

Z{1)ZVI1)oZRI1)+ZPS(1) +ZVDI(L}
K{LPyNOIsQILPHyLP)yRILP,LP),,BILP,LP),EBARILP,LP)
EHTUSP 3SP ) oXHT{L) yHZ(ND,SP),Al1)4XBAR(1)
DIoTIsUSV,UZLUsDT,H

FNLV,FALR

ELILPLP) o E2{LP yLP) yEZLLP,LP)oE4{LP,LP)+ES(LP,LP)
EJILPILP)o ENILPYLP ) s QLILPyLP ) ¢BNILPLP* (FT(LP,LP)
EMULPLP)Y,HLIND LP) s TILPsNO),EL(1),ES(])
H2{NO,LP}yH3ILP,LP)

TS{1),USI)

ci

/OUTP1/ VP4RP,PSP,VDPyPP14PP2,PP3,PP4,PP5,PP64PPT,PPB
/OUTP2/ PP9,PP10,PP11¢PP12,PP13,PPl4,PP15,PPl6

/OUTPS5/ PP17,PP18,PP19,PP20,PP21,PP22,PP23,PP24,PP25,PP26
/0UTP6/ PP27,PP28,PP29,PP30,PP31,PP32,PP33,PP34,PP35,PP36
/OUTP3/ EV4ER,EPS,EVD,EP1 ,EP2,EP3,EP4,EP5,EP6,EPT,EPB
/OUTP4/ EPGL,EP10,EP11,EPL2,EP13,EP14,EP15,EPL6

0001
0002
0003
0004
0005
0006
0007
0008
n009
0010
0011
0012
0013
0014
0015
0016
o017
6018
0019
0020
0021
0022
0023
0024
0025
Q026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

881



OCD

QOO0

O OO

COMMON /OUTPT7/ EPLT.EPL1B84+EPL9,EP20,EP21+EP22,EP23,EP244EP25,EP26
COMMON /0OUTPB/ EP27.EP28,EP294EP3G,EP31,EP32,EP33,EP34,EP35,EP36
COMMON /PRAM3/ LP17,LP18,LP19,LP20,LP21,LP22,LP23,LP24,LP25,LP26
COMMON /PRAM4/ LP274LP28,LP29,LP30,LP3141P32,LP33,LP34,LP35,LP36
COMMIN /PRAM1/ LP14LP2,LP3,LP4,4LP5,LP6,LPT,LP8

COMMON /PRAM2/ LP94LPlOsLPLL,LPL12,LP13,LPL4,LP15,LP16

COMMON /ZINPUT/ DI,TLsJJ

COMMON /PKI/G

e o e ok e e ok oK

KB =
MH =
KFIM

LI )

47

PROCESS THE SEA TRIAL DATA

uUsv = ustLn)
usbv = DUS(L)
Uz = U{TI)
UZd = DuciT)
usti1) = uz
bus{li) = vid
DT = H

PROPAGATE THE STATE AND ERROR COVARIANCE MATRICES FROM THE
INITYAL CONDITIONS

CALL PROP(DT USyAsQyLsEJeELIE24E34FG4E54B3EN,QLBN,FT,EBAR,LP,ND,

1SPyEHT » XHT ¢« XBAR o Wy DUS)

CALCULLATE THE INITIAL GAIN FOR THE KALMAN FILTER
CALL GAIN(HZyRyEBARKyENMyHL Ty LPyNO,SPyW4H2,Cye IC, IR)

UPDATE THE STATE AND ERROR COVARIANCE MATRICES FROM THEIR

0037
0038
0039
0040
0041
0042
0043
0044
Q045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0053
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072

681



OO

e Nele OO NN

GO0 OO0

INITIAL VALUES

CALL UPDTU(ZyIV4+ZRyZPS3ZVDyHZ 41 ,EBARVKyELESyH2,H3,LP NG,
LXHT s XBARJEHT ¢ WoSP)

Ust{l) = Usv

pus(l) = USDV

JLI = 2

BEGIN ITERATIONS FOR FILTERING

DO 104 IM = KBgN

NH = IM-1
JLI = JLI+}
LL = JLI-1

DETERMINE THE INCREMENTAL TIME STEP
DT = TS{IM}-TS({NH)
PROPAGATE THE STATE AND ERROR COVARIANCE MATRICES FOR A TIME DT

CALL PROP(DT US+AyQyIMyEJ4ELIE2+E39E4+ES5+B2EN9QL+BNFT,EBAR,LP,
INO o SPEHT s XHT s XBAR, WoDUS)

COMPUTE THE KALMAN FILTER GAIN

CALL GAIN(HZ'R'EBAR,K,EH,Hl,T'LP'NO,SP,H,HZ,C,IC,IR'
UPDATE THE STATE AND ERROR COVARIANCE MATRICES

CALL UPDTH{ZyZVsZRyZPSsZVDsHZ +IMEBAR yKyELYESsHZyHILLP4ND,
IXHT s XBARGEHT 3 W, 5P)

IF(LL.LT.KSY GO TQO 377

STORE THOSE VALUES DF THE STATE AND ERROR COVARIANCE MATRICES
SELECTED FOR PLOTTING

o073
0074
0075
0076
0077
o078
0079
0080
o008l
0082
0083
0084
o085
0086
0087
0088
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
Q101
0102
0103
0104
0105
3106
o107
0108

061



377
104

CALL STORBUTS MH KFTIR;KS,NOJEE 4 XHT+EHT,SP)

MH = MH+1
JLT =1
CONTINUE
CONTINUE
RETURN
END

0109
0110
ol11l
o112
o113
Oll4
0115
0lls

161



SUBROUTINE PROP(HyUSyAyGe I+ EJsELyE2,E39E4+ES+ByENyQLyBNyFTHEBAR,LP
1sNDySPyEHT ¢ XHT ¢ XBARy W, OLS)

SUBROUT INE PROP PROPAGATES THE STATE AND ERROR COVARIANCE MATRICES
FOR EACH TIME INCREMENT OF THE ITERATION

e E2Eale]

INTEGER 5P

DOUBLE PRECISION W(l)}

DOUBLE PRECISION EHT(SP,SP)¢XHT(1),XBAR( 1)

DOUBLE PRECISION EL{LPLP},E2(LP4LP)E3{LP,LP),E4ILP,LP},ES(LP,LP)
DOUBLE PRECISION EJ(LPLP),EBAR(LP,LP),A(1),Q(LPyLP)

DOUBLE PRECISION US{1),CUS{1),UV,UD

DOUBLE PRECISION HyHM

DOUBLE PRECISION XV, XRyXPS,XVD,XRD

DOUBLE PRECISION YV1,YVZsYV3,¥YV4

DOUBLE PRECISION YRL,YRZ,YR3,YR4

DOUBLE PRECISIGN YPS1,YPS52,YPS3,YPS4

DOUBLE PRECISION YVDl,YVvD2,YVD3,YVD4

DOUBLE PRECISION YRD1,YRDZ2, YRD3,YRD4

DOUBLE PRECISION 721+2224213,714

DOUBLE PRECISION FNLV4.FNLR

DOUBLE PRECISION BULP+LP)+ENILP+LP)+QLILP4LP)+BNILPLP}+FT(LP,LP)
DOUBLE PRECISION DSIN,DCGCS

COMMON /PRAM3/ LP174LP1EyLP19,LP20,LP2L,LP2241LP23,4LP24,0LP25,LP26
COMMON /PRAM4/ LP2T7+LP2E84LP29,LP30,LP31,LP32,LP33,LP34,LP35,LP36
COMMON /PRAMZ2/ LP9,LP10,LP11,LPL24LP13,LPL4,LPL15,LP16

COMMON /PRAML/ LPLyLP2yLP3,LP4,LP5,LP64LPT,LP8

ook o KK R K

INTEGRATE THE STATE VALUES OVER THE TIME INCREMENT USING THE
. RUNGE-KUTTA 4TH ORDER TECHNIQUE OF INTEGRATICON

OO0 0

MP
uv
up

LP-NC
ustlr)
DUSi{I)

0001
0002
Q0073
0004
Go05
0006
0007
0008
0009
0010
0011
golz
0013
0014
0015
2016
0017
0a18
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

261



A0 O0

136
135
134
133
132
131
130
129
128
127
126
125
124
123
122
121
120
119
ilg
117
116
115
114

INITIALIZE THE STATES AND THE COEFFICIENTS OF INTEREST TO THOSE
VALUES ASSIGNED INITIALLY OR CALCULATED IN THE PREVIOUS INCREMENT

XV = XHT(1l}
XR = XHTI(2}
XPS = XHT(3}
XVD = XHT(4)

XRD = FNLRUXVyXR,UV,A)
IF {(MP.EQ.O) GO
GO TO (101,102,103+10%+105+1064107+108,109,110911191129113411%,
11155116411 7,118,119+120,4121+4122,123412441254126412741284129,4130,
2131,1324133,1344135,4136)4MP

A{LP36)
AlLP3S)
ALLP34)
A(LP33)
A(LP32)
A({LP31)
A(LP30)
A(LP29)
A(LP28)
A{LP2T)
ALLP26)
A{LP25)
A(LP24)
A{LP23}
A(LP22)
AILP21)
A(LP20)}
A(LP19)
A(LP18)
A(LP17)
A{LPL16)
A(LP15)
A{LPLA)

T O O O O  (  T  TO £ J UT JN  | OY  Y OY B1  |

XHTLSP)
XHT{SP-1)}
XHT{(SP-2)
XHT(5P-3)
XHT{SP-4)
XHT{sSP-5)
XHT{SP-6)
XHT(SP-T7)
XHT(SP-8)
XHTLSP-9)
XHT(SP-10}
XHT(SP-11)
XHT{SP-12)
XHT{SP-13)
XHT{SP-14)
XHT{SP-15)
XHT(SP-16)
XHT(SP-1T7)
XHT{SP-18)
XHTISP-19)
XHTLSP=-201)
XHT{SP-21)
XHT(SP-22)

0 500

0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072

€61



OO0

113
112
111
110
109
108
107
106
1es
104
103
102
101
500

AlLPL13)
ALLPL12)
AtLP11)
A(LP10O)
ALLPI)
A(LPg)
A(LPT)
A(LPS)
A{LPS])
AlLP4)
A{LP3)
Al{LP2)
A(LPL)
CONTINU
DO 1 N
DO 2 M
EJINyM} =
CONTINUE
CONTINUE

Hodul

T T O LI T {

CALCULATE THE STATE VALUES AND THE TIME RATE 3F CHANGE OF THE
ERROR COVARTANCE MATRIX AT THE START OF THE INCREMENT

HM= H/2,

YVD1L = FNLVIXV,XRyUV4A)
YROL = FNLRIXVyXR,UV4A)
H¥xYVD]

Yvi

XHT{(5P-23)
XHT(5P-24)
XHT{SP-25)
XHT{SP-26)
XHT(SP-2T)

XHT(SP-28}

XHT (SP=-29)

AHTLISP-30)
XHT(SP~311}

XHT{5P-32)

XHT(SP-33)

XHT (5P-34)

XHT{SP-35)

1,LP
1.LP
EHT{N,M)

¥R1 = H*YROD1L

YPS1 = Hx*

CALL EFNT1{A,UV4ByLPySPyXVyXRyNO»XVDyXRDyUDyH)
CALL EFNT2{EL1,Q+ENsQ1sBN,FTyByLP,NCySPyW,EHT)

XR

I21 = XV+(.5*YV1
IZ2 = XR+G.5%YR1
123 = XPS+0.5%¥YP5S1
174 = YVD1

XHT{1l) = ZZ1

0073
0074
go75
0076
0077
0078
0079
0080
o088l
0082
00832
0084%
0085
0086
0087
aoss
0089
0090
0091
0092
0093
0094
g095
0096
0097
0098
D099
€100
0101
0102
0103
0104
0105
0106
0107
0108

#61



OO0

XHT(2) = 212
XHT(3) = 223
XHT (4) = 114
DO 2 N = 1,LP
DO 4 M = 1,LP

E2({NyM) = H*E1(N:;M}

EHT{NyM) = EJI{N,M)FHMRE]L (N, M)
4 CONTINUE
3 CONTINUE

DO THE R-K CALCULATIONS AT THE MIDDLE OF THE INCREMENT

Uy = {USIT)+US(I+1)) /2,

UD = {(DUSLI+DUS(T+1)1}/2,.

YVD2 = FNLVUZZ1,222,UV,4)

YRD2 = FNLR(ZZ1,2Z2,UV,4)

YV2 = H*YVD2

YR2 = H*YRD2

YPS2 = H%xZ12

CALL EFNTL1(A.UVyB,LP,SP,271,222,N0,YVDL, RD1,UDyH)
CALL EFNTZ2{EL1,QsENQL BN yFTBLP,NO,SPyW,EHT)

Z11 = XV+0.5%YV2
12 = XR+0;5%YR2
223 = XPS+Q.5%YPS2
I74 = YVD2

XHT(1} = 271
XHT{2) = 7212
XHT(3) = 113
XHT(4) = ZIZ4

DO 5 N = 1,LP

DC 6 M = 1,LP

E3{Ny,M) = HM*EL(N,M)

EHT(NsM) = EJIN, M)+HMXET (N, M)
& CONTINUE
5 CONTINUE

Q109
0110
0111
0112
0113
0114
0o1l15
0116
o117
0o11s
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0136
0131
0132
0133
0134
135
0136
0137
0138
0139
0140
0isl
0142
0143
0144

S61



OOy

REPEAT THE R—-K CALCULATIONS FOR THE MIDDLE OF THE INCREMENT

YVD3 = FNLVI{ZZ1,222,UV,A)
YRD3 = FNLRUZZ1,2Z2,UV,4A)
Yv3 HaYVD3

YR3 = HXYRD3

YPS3 = H%Z12

CALL EFNTL1{A,UV,ByLPySPyZ7Z142Z2,N0,¥YVD2,YRD2,UDyH)
CALL EFNT2{EL+Q¢ENyQLsBNFT 4B, LPyNO,SPyW,EHT)

IZ1 = XV+#YV3
£Z2 = XR+YR3
213 = XPS+YPS3
124 = ¥YVD3
XHT(1) = 271
XHT{2Y = 212
XHT{(32) = 713
XHT &) = 7114
DO 7T N = 1leLP
DO 8 M = 1,LP

E4(NyM) = HMRXEL{N, M)
EHTI{NsM) = EJINysMI+H*EL(NJM)
CENTINUE

CONTINUE

DO THE R~K CALCULATIONS FOR THE END OF THE INCREMENT

L]

Uv = uUsS(I+1)
un = DUSII+1)
YVD& = ENLVIZIZ1,222,UV,A)
YRD4 = FNLRUZZI1yZ2Z24,UV,A}
YV4 = HXYVD4
YR4 = H*YRD4

YPS4 = H%212

CALL EFNTY(A,UV4B,LP,SP42Z142Z2,NOsYVD3,YRD3,UD,H)
CALL EFNT2(ELlyQyENsQLeBNyFToBysLP ¢NOySPyH,EHT)

DO 9 N = 1,LP

0145
0146
0147
0l48
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0150
o161
0le62
0163
0164
0165
0166
Olev
0168
0169
0170
0171
0172
ai73
0174
0175
0176
oL77
0178
0179
0180

961



OO0

OO0

200
501

12
11

DO 10 M = L,LP
ES{NyM) = H®E1{N,M}
CONTINUE

CONT INUE

FROM THE STATE VALUES CALCULATED OVER THE TIME INCREMENT,
DETERMINE THE NEW STATE VALUES PROPAGATED FROM T TQ T+0OV

XBAR{1) = XV+1a/6e%[YVI+2,%YV2+2.%YV3+YV4)
XBAR{Z2) = XR4+1./64*(YRI+2.*%YR242,%YRI+YR4)
XBAR(3) = XPS+1o/6.%(YPS1+42,%YPS242,*YPS34YPS4)
XBAR(4) = Llo/6.%(YVDI#2.%YVD2+2,%YVD34+YVD4)

IF {MP.EQ.0) GO TO 501
N1 = NO+1

DO 220 N = N1,LP
XBAR{N) = XHT(N])
CONTINUE

CONTINUE

PROPAGATE THE ERKOR COVARIANCE MATRIX

DO 11 N
Do 12 M
EBAR (NyM)
CONTINUE
CONTINUE
RETURN
END

1,LP
1,LP

Hon

e e R e A iy T B, =t -

EIJU(NyM)I+] o/ 0 (E2(NsMI+2,%E3(NyMI+2,%EL4INyMI+ESTNyM))

0isl
0182
0183
0184
0185
0i8é
0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208

L6T



OO0

OO0

OO0

OO0

SUBROUTINE EFNTI(A U BeLP4SP XV, XRyNOJXVDsXRDUDyH)

SUBROUTINE EFNT1 CALCULATES THE MATRIX Ba...THE PARTIAL DERIVATIVES
QF THE MOTION EQUATIONS WITH RESPECT TO THE VARIOQUS ELEMENTS OF
THE EXTEMDED STATE VECTCR

INTEGER SP

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DouUBLE
COMMON
COMMON
COMMON
CGMMON

ok 2t e o o o ok e ke

PRECISION
PRECISION
PRECISION
PRECISION
PRECISTION
PRECISION
PRECISION

H

ub

XV XR

XVDyXRD
BILPeLP)oA(L}yX{1),C2,C54C64014D24,D34D4,U
C7yC84C94C104D540D6,4D7,08

DCOS,DSIN

/PRAM3/ LPLT;LPL18,LPLO.LP20,LP2L,LP22,LP23,LP24,LP25,LP26
FPRAMG/ LP2T.LP2ByLP29yLP30,LP31,LP32,LP33,LP34,LP35,LP36
JPRAMLI/Z LPLsLP2,LP3,LP4,LP5,LP64LPT,+LPB

fPRAMZ2/ LPI,LPLlOLP11,LPL124yLP134LP144LPLl5:LP16

MP = LP-ND

INITIALIZE THE MATRIX TOC ZERO

DO 1 N
pDg 2 M
BN, M)

1,LP
1,1.P
GaDO

houon

2 CONTINUE
1 CONTINUE

CALCULATE THOSE ELEMENTS OF THE MATRIX WHICH ARE NJIN-ZERO

€2 = 1./70A(4)12A{11}-A(5)*A(10)}

CS = A(IV+AL6) %XV
12 +A(28)%U*XV

+ALTIEXR  +A(B)*U+A{26)%U*%3 +A{2T7)%XR %XV %%
* %D

0001
0002
0003
0004
0005
0006
0007
0008
0009
00190
0011
o012
0013
0014
0015
0016
001Lr7
oolL8
0019
0020
0021
Do22
0023
0024
0025
0026
oo27
0028
0029
0030
0031
0032
0033
0034
0035
0036

géT



OO0

Ce = AULSI+A{12)1%XV  +A(13)*XR  +A(14)FU+A(31)1*U%%x3 +A(32)%XR *XV

1
K2
K3
Ké
K8
D1
D2
D3
D4
c7
c8
co

1 8
c1

e

| S T T N Y O T I I L

) %
0

2 +A(33xURXV  %%2

HWN -

A(B)I+A{27I%XR  HXV  ¥2,42,.,%A(28)*XV  *U
ACL2)42, %A {32 )1%XR %=XV +2,%A{33)%XV *U
A{TI+AL2T)I*XV  **2
A(13)+A(32)%XV *%2
2. (27 %XV RXRD4XR AXVD)+2.,%A(28)*URXVD+2.%A(28) %XV *UD
2.*%A{32)*{XV *XRD+XR *XVDI+2.%A{33IxUaXVD+2.,%A(33)*XV *UD
A(6)EXVO+ALTI®RXRD+A{2TI*{XV *%2%XRD+2, *XR  ¥XVD*XV  1+2,.%A(2
UxXV  *XVD+A(8)*UD+3. *A(26)*UD*Ux*xZ+A(28) %XV *32%{D
= A(L2)%XVD+A(L13)AXRO+A{32 )} ( XRD*EXV #*%2+42,%XR *XV ®XVD)+2,%*

1 A(33)%UkxXV  *XVD+A{14)%UD+3 A3 1 )% U 2%kUD+A {33 )XV *x2%U3D

D5
D6
D7
D8

wononou

2+ %AL27)%xXV  ®XVD
2¢ *AL32) %XV ¥XVD
A{11)%C9-A{5)*C1D
A{4)}*C10—-A{10)%C9

CALCULATE THOSE ELEMENTS CORRESPONDING TO THE PARTIAL DERIVATIVES
WITH RESPECT TO THE STATE VARIABLES OF THE EXTENDED STATE VECTOR

B{K2,K2) = C2%x{A{11})%*D1-A(5)%02)
BiK2,K3) = C2%{A(11)*D3-A(5)1%D4)
B{K3,K2) = C2%{A(4)*D2-A110)*D1)
BiK3,K3) = C2%{A(4)*D4-A{101%D3)
BIKB8yK2) = C2%{A(1L1}I*CT-A(5)*C8)
B{KBK3) = C2%{A{11)*DS5-A(5)*D6)
B{K8,KB) = C2*{A(11)*D]1-A(5)%D2)
NPA = LP1

I = NO+1

N =1

10 CONTINUE

0037
n038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
Q054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
G067
0068
0069
0070
0071
0072

661



s NeRele

11
12
13

14

15

16

17

18

CALCULATE

THE REMAINING ELEMENTS WHICH CORRESPOND TO THE PARTIAL

DERIVATIVES WITH RESPECT TO YHE IDENTIFIED COEFFICIENTS OF THE

EXTENDED

GO TO(11,
131]32,33’
CONTINUE
GO TO 25
CONTINUE
GO TO 25
CONTINUE
GO TQ 25
CONTINUE
Bi{K2,1I)
A{K3,11
B{KB, I}
GO TO 25
CONTINUE
BIXK2,1)
BlK3,I}
B(KB,I)
GO TQ 25
CONTINUE
BlK2+11}
B(K3,1)
B{K8,1I)
GO TO 25
CONTINUE
B{K2,1)
BI{K3, 1)
B{KB,1)
GO TO 25
CONTINUE
B{K2,1)
B{K3,1}
BLX8,1)

oW Hnonn o H it un

n N

STATE VECTOR

120135149159 16917518y19920921922923424955956957,28+29430,
34935436937 938Be39+440+%194214394%+45:46) o NPA

—C2%%2 *A(L1)}*{A(11)*%C5-A(5)*%C6)
~C2%%2 *¥A(11)%(A(4)*C6~AL10)*CE)1+C2%Co
C2%%2%A(11)%D7

C2#%2 *A{10)*(A(11)*CE-A(5)*Ce)-C2%Cé
C2%%2 *A(10)*{A(4)%C6~A(10)%*C5)
~C2%%2%(A(10)*D7-C2*C10)

C2%A( 11)*XV
=C2%A(10) %XV
C2*A(11)*XVD

C2*A(11)%XR
~C2%A{10)%XR
C2%A{L1)*XRD

C2*A(L1)*U
=C2%A{ 1D} *U
A(L1)*UD=*c2

%

0073
0074
0075
0076
00T
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
0088
o089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
9101
o102
0103
0104
0105
0106
0107
o108

002g



19

20

21

22

23

24

55

56

GO TO 25
CONT INUE
B(K2,1)
BIK3,1)
GO TO 25
CONTINUE
BIK2,1)
B{K3.,1)
B(K8,1)
GO0 Ta 25
CONTINUE
B{K2,1)
B{K3,1)
B(K8,1)
GQ T1 25
CONTINUE
B{KZ2,I}
B{K3,1)
BliK8,1})
GO TO 25
CONTINUE
fIK251)
B{K3,1)
B{KB8,T}
GQ T0 25
CONTINUE
B(K2,1)
B{K3,1)
B{KB,1)
GO TD 25
CONTINUE
B(KZ2,1)
B{K3,1)
GO TO 25
CCONTINUE

W onn 0hon o iwono ufn "

GG TO 25

C2%A{l1)
-C2%A{10)

C2%%2 *A{S5)*(A(11}*C5-A(5)*C6}
C2%%x2 *A(S)I*(A{4)*C6-A(10)*C5)~-C2%*(5
—L2%%2xA (5 ) *=D7T

—C2%%2%¥A{4 )k (ALL1LI*CS5-A(S5}*%L6)+C2%(5
=C2%%2 %A(4)%x(A(4)%C6~A{10)*C5)
C2%%2% (A(4)*D7-C2%C9)

—C2%A(5)*XV
C2%A(4) %XV
=C2%A(5)*XVD

~C2%A{5)%XR
C2*A(4)*XR
=C2*%A{5)1*XR0O

~C2*xA(5)*Y
C2%A(4)*U
-A{51*UD*C2

~C2%AL(5)
C2%A(4)

0109
0110
0111
o112
0113
Ol14
0115
0116
0117
0118
0Ll19
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
ci138
0139
0140
0141
0142
0143
0144

102



57
‘28
29
30
31
32
33
34

35

36

37

38

39

CONTINUE
GG TO 25
CONTINUE
GO T2 25
CCNTINUE
GO TO 25
CONTINUE
GO 70 25
CONTINUE
GO TQ 25
CONTINUE
GO TO 25
CONTINUE
GO 70 25
CONTINUE
GO TO 25
CONTINUE
B‘KBgI' =
B{KB8,I) =
GO TN 25
CONTINUE
B{K2,1)
B(K3,I)
B{KB,1})
GO TO 25
CONTEINUE
R{K2,1)
B(K3,1I}
GO YO 25
CONTINUE
B(KZ2,1)
B{K3,1}
B{KB, I}
GO TO 25
CONTINUE
B{K3,1I) =

it [ ]

=C2%A(10 )% XVy%%3
C2%A(11)kIxXyRF2EXV]D

C2%Usx3 x*A{]11)
~C2%Uk*3 xA{10) .
At11)%3,%Uxx2%D%C2

C2%X(31xX(2)*%2 *A{11)
=C2¥A( 1D ) RXRE X VX% 2

C2xUxX{2)%%x2 #A(11)
=C2%U%XV *%x2 *xA{10)
ACLLY* (2, %UxXV  %RXVD+XV *%2%UD)I%(2

=C2%A( 1D ) RXVR *%2

0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
01606
0161
0162
0163
0164
0165
0le6
0167
0168
0169
aLr70
0171
0172
0173
0174
0175
0176
0177
0178
0179
0180

20e



40

41

42

43

44

45

46
25

101

B{KB8,1}) =
GO TO 25
CONTINUE
BlK3,1)
BI(K8,1)
GO TO 25
CONTINUE
B{K2,1)
BIK3,1)
B{KB,y1I)
G0 10O 25
CONTINUE
BiK2+1)
BIK3,1}
BIKE,I}) =
GO 70 25
CONTINUE
B{K2,1)
Bi{K3,1)
BIK8,1}
GO TO 2¢
CONT INUE
B(K3,I1}
B{K8,1)
GC T0O 25
CONTINUE
GD TO 25
CONTINUE
CONTINUE
N = N+l

hnu Won nun [}

C2%A(L1 i *{XV#2xUXUD+U*¥2XXVD)

C2¥A {4 )¥YVEu3
=C2%A{5) kIR Rk 2% XVE

=C2%U*%x3 *A(5)
C2¥U*%x3 *A{4)
~A(5) %3, kUkk2%D*¥C2

—C2%X(3)%kX(2)%%2 *A(5) *
C2%XR %XV #%2 *A(4)

~C2%A{S) % (XRDEXV ®k2+2,%XR %XV *XVD)

=C2%UkX(2)%%2 *A(S5)
C2%kXV  *%k2 *A(4)

—A(S5 ) (2,%UxXV RXVD+XV *%2%UD)*C2

C2*A(4 ) R XVEYR%2
=C2%A{5) ¥ XVEZHURUD+Uk*2%XVD)

IFf (N.,GT.MP) GO TO 26
Go 10 (101,102,103,104,105,106,107,108,209,110,1114112,5113,114,

111541164,117+118,119,120,121+122+123+124+12541264127+128,4129,130,
2131+913241334134413541361)4N

GO TO 27
NPA = LP1

o181
0182
0183
0184
o185
0186
o187
o188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
06210
0211
0212
0213
0214
0215
0216

£o2



102
103
104
105
106
107
108
109
110
111
112
113

114
| 115
116
117
118
1i9

GO TO
NPA =
GO TO
NPA =
GO TO
NPA =
GO TO
NPA =
GO0 TO
NPA =
GO 70
NPA =
GO 7O
NPA =
GO TO
NPA =
GO 70
NPA =
GG TO
NPA =
GO TO
NPA =
co TO
NPA =
GO TO
NPA =
GG YO
NPA =
60 7O
NPA =

GO TO

NPA =
GO TO
NPL =
GO TO
NPA =

27
LP2

LP3
27
LP&
27
LPS
217
LP6
27
LP7
27
LPe
27
LP9
27
LP10O
27
LP11
27
LP12
27
LP13

LP14
27
LP1S
27
LP16

LP17
27
LP18

LP1S

0217
0218
0z19
0220
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
023%
0240
0241
0242
0243
0244
0245
0246
0247
0248
0249
0250
0251
0252

©0¢



120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

136
27

60 TO 27
NPA = LP20
G0 70 27
NPA = LP21
GO TO 27
NPA = LP22
GO TO 27
NPA = LP23
GO 1O 27
NPA = LP24
GO0 1O 27
NPA = LP25
GO 10 27
NPA = LP26
GO TC 27
NPA = LP27
GO TO 27
NPA = (P28
GO TO 27
NPA = LP29
G0 70 27
NPA = LP30
GO TO 27
NPA = LP31
GO TO 27
NPA = LP32
GO YO 27
NPA = LP33
GO 7O 27
NPA = LP34
GO TO 27
NPA = LP35
GG TO 27
NPA = LP36
I = N+NO
GG 70 10

B

0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268
0269
0270
0271
0272
0273
0274
0275
0276
0277
0278
0279
0280
0281
0282
0283
0284
0285
0286
0287
0288

Goe



26 CONTINUE
RETURN
END

0289

0290

0291

902
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SUBROUTINE EFNT2(E1+QeEN+QL+BNyFT4BsLPyNOySPy W, EH}

SUBROUTINE EFNT2 CALCULATES THE TIME RATE OF CHANGE OF THE ERROR
COVARIANCE MATRIX AND RETURNS THE VALUE TO SUBROUTINE PROP TO BE
INTEGRATED OVER THE TIME INCREMENT

INTEGER SP
DOUBLE PRECISION EHISP,SPYyWUIL1)4ELILPyLP}LEN(LPHLP),Q(LP,LP)
DOUBLE PRECISION Ql(LP,LP)},BILP4LP)+BN(LP,LPYFTILP,LP)

vk ok ok e ok ik

DC 1 N = 1,LP
DO 2 M = 1,LP
QLEN,M) = Q(N,M)

BNI{Ns M} = B{NsM)

EN(NyM) = EH{N:M)

CONTINUE '
CONTINUE

CALL TRNSPSU(BNyLPsLPsLPyLPsFToLP,LP)

CALL MAMPIS (BNyLPyLPENyLPoLPoLP,LP,LP oW, LP)
CALL MAMP2S(EN,LPyLPsFT LPyLP,LP LP,LPyW,LP)
CALL MAADDS{BN,LP,LP,LP,LP,FT,L.P,LP)

CALL MAADDS (BNyLPoLPyLPyLPyQLyLPyLP)

DO 3 N = 1,LP

DO 4 M = 1,LP

ELIN,M) = BN{N,M)

CONT INUE

CONT INUE .
RETURN

END

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029

0030 .

0031

L02
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Ao

SUBROUT INE GA!N(H!R!EB;K9EM|H1ngLPgND,SP'HQHZ'C'IC,IR]

SUBRCOUTINE GAIN DETERMINES THE EXTENDED KALMAN FILTER GAIN USED IN

UPDATING THE STATE AND ERROR COVARIANCE ESTIMATES

INTEGER SP

DIMENSION IR{(1),IC(1)

DOUBLE PRECISION H{NG,SP),W{1),H2{NG,NO},DET

DOUBLE PRECISION RILPLP)IJEBILP4LP)JKILP NO)EM(LP,LP),HLINDO,LP)
DOUBLE PRECISION T{LP,NO},C(1)

Wk Atk deof ke

DO 1 N 1.LP

DO 2 M 1.LP

EMI{N,M) = EBI{N,M)

CONTINUE

CONTINUE

DO 3 N = 1sNOD

DO &4 M = 1,LP

HLI(NsM) = HINyM)

CONTINUE

CONT INUE

CALL TRNSPS{H14ND.LPyNOLP,T+LP,ND)
CALL MAMPLIS(EMLP 1P, ToLPyNOLLP,LP,NO,W,NDO)
CALL MAMPLS{HL NDyLPoEMyLPLPyNDs1LPsNDoWNO)
CALL MAADDS{H1,NO¢LPyNC,NOsRsLP,LP)
DD 8 N = 1y4ND

DO 9 M = 1,NO

H2{N:;M) = HI‘N’M, .

KK = {N=1)+(M=-11%¥NO+]

CLKK)} = HZ{NyM}

CONTINUE

CONTINUE

CALL MINVIC4NODETLIRLIC)

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0619
0020
0021
8022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

802



Sl

VERIFY THAT THE DETERMINATE OF THE INVERTED MATRIX IS NOT ZERD 0037
0038

IF (DET.NE.,0.DO) GO TO 5 0039
WRITE (6,100) DET 0040
100 FORMAT{1HL /75X, *DETERMINATE = *,F20.10) 0041
5 CONTINUE _ 004¢
DO 10 N = 1,NO 0043

DO 11 M = 1,NO 0044
KK = (N-1)+(M-1)%NO+] 0045
H2{N,M) .= CLKK) 0046

11 CONTINUE 00647
10 CONTINUE 0048
CALL MAMPLSUEMLP4LP yHZ ,NOs NOsLP s NONDyW ¢ NO) 0049

D0 6 N = 1,LP 0050

D0 7 M = 1:NO 0051
K{N M) = EMIN,M) 0052

7 CONTINUE 0053
& CONTINUE 0054
RETURN 0055
END 0058

602
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SUBROUTINE UPDT(Z+ZVeZRyZPSsZVDsHsIM4EBsKyEL)ESsH29H3,LP4NO,
1XHy XByEHy W, SP)

. SUBROUTINE UPDT IS USED TO UPDATE THE STATE AND ERROR COVARIANCE
MATRICES 7O THEIR VALUE AT THE END OF THE SPECIFIED TIME INCREMENT

INTEGER SP

DOUBLE
DOUBLE
DOUBLE
DOUBLE

ke she e e e e ke e e

(1)
z12)
Z(3)
2(4)
b 1

=l H N

PRECISION Z(1)sZV{1)+ZR(L),ZPS(1),2ZVDIL}

PRECISION EBLLP,LP) XH{L),EH{SP,SPI,ELI1),H2INO,LP)
PRECISION H3(LP,LP),W{1l},ES(1),DABS

PRECISION HI{NO,SP)oXBI1) . KILPNO}

ZVIiIM)
IR{IM)
ZPSLIM)
ZvD{IM)}
= 1leiP

EL(I) = XB{(I}
1 CONTINUE

DO 2 N
DO 3 M
H2(NyM)
H3{N, M}

= 1,NO
= IQLP
HI{NyM}
H{NeM}

¢ "

3 CONTINUE
2 CONTINUE
CALL MAMP2S(H24NOsLPELoLPy14NOsLPy1,WsLP)

EIND THE DIFFERENCE BETWEEN THE CALCULATED STATE VALUE AND THAT
FROM THE NDISY SEA TRIAL

B0 6 1

= 1ND

EStI) = ZUI)-EL(I}
6 CONTIMUE

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
oolL8
0019
0020
uo21
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

012



[z Raly “ 0

OO0

GO0

CALCULATE THE INCREMENTAL CHANGE IN STATE
CALL MAMP2S{KsLPyNO9yESeNO¢1oLPsNDOsleWyLP)
UPDATE THE ELEMENTS DOF THE EXTENDED STATE VECTOR

DO T I = 1,LP
XH(I) = XBLI)+ESIT)
T CONTINUE

CALCULATE THE INCREMENTAL CHANGE IN THE ERROR COVARIANCE MATRIX

CALL MAMP2S(KoLPsNOsH3,LPLPyLPyNO,LPyW,LP)
CALL MAMPIS (H3,LPyLPsERsLPsLPsLPsLP4LPyWoLP)

UPDATE THE ERROR COVARIANCE MATRIX

CALL MASUBS{EBJLPLP+LPLPyH3,LP,LP)
DO 8 N = 1,LP
DO 9 M = 1,LP
EH{N:M) = DABS{EB{NsM})
9 CONTINUE
8 CONTINUE
RETURN
END

0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
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SUBROUT INE STORBITyMHyK ¢sKSyNOEE ¢+ XHeEH4SP)

SUBROUTINE STORB STORES SELECTED VALUES OF THE STATE AND ERROR
COVARIANCE MATRICES AT REGULAR INTERVALS OVER TIME FOR USE IN
THE PLOTTING ROUTINE

INTEGER SP

DIMENSIGN
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSICN
DIMENSION

VP{94) sRP(94) 4 PSP194),VDP(94)

PPL1{94),PP2(94)4PP3{94) +PP4(94)+PP5(94)PP6194) ,PPTI94)
PP8{94),PPI{94),PP10I94),PP11194),PP12(94),PP13(94)
PP14194)},PP15(54) 4PPL6{94)

PP LT(94}:PP18(94),PP19(94) +PP20(94},PP21(94},PP22{94}
PP23({94) s PP24194), PP25(94) +PP26(94),PP2T(94),PP28( 94}
PP29(94) s PP30(94)+PP31(94)3PP32(94),PP33(94),PP34 (94}
PP35(94),PP36{94}

EE(1l}

DOUBLE PRECISION XH(1)+EH{SP,SP]

DOUBLE PRECISION Til),D+DSQRT,DABS

COMMON /QUYPLl/ VP,RP PSP 4VDP PPl PP2:PP3,PP4,PP5,PP6,PPT,PP8
COMMON /OUTPS/ PPLT+PPLB+PPL19,PP20,PP21,PP22,PP23,PP24,PP25,PP26
COMMON 70UTP6/ PP27,PP28,PP29,PP30,PP31,PP32,PP33,PP34,PP35,PP36
COMMON /70UTP2/ PP9,PPl0+PPLL+PPLZsPPL13,+PPL4,PPL5,PP1O

COMMON /0UTP3/ EV4ER,EPS+EVD.EPL,EP2+EP3,EP4EPS,EPLL,EPT,EPB
COMMON /OUTPT/ EPLT,EPLB,EP19,EP20,EP21,EP22,EP23,EP244EP25,EP26
COMMON /F0UTP8/ EP2T,EP2E6.EP29,EP30,EP31,EP3I2,EP33,EP34,EP35,EP36
COMMON /0UTP4/ EP9+EPLOIEPLLLEPL2,EPL34EPL4,EPL5,EPLS

e ok e ok ok o e e ok

I
L

MH
KS*1

STORE THE

D = Ti{L)
VP(I} = D

TIME VALUES OF EACH OBSERVATION

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
gc12
0013
0014
0015
0cls
QoLr7
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

21e



RPLI) =
PSPLI)
vor(I)
PP1LY)
PP2(I}
peP3(I}
PP4I(T1}
PP5(I)
PPELT)
PP7(T)
PPe(1)
PPotlIl
PP1O(])
PPLLIAT)
PP12{(1)
PP13LI)
PPL4(I}
PP15(1)
PP16LT)
PP17(1)
PP1B(I)
PP19(I)
PP20(I)
pp21(1)
Pp2211)
PP23(1)
PP241{1)
PP2511)
PP25(1I11}
PP26(1)
PP2T(1)
PP28(1)
PP29{1)
PP30OII}
PP31(1)
PP3241)

W oo Rou

hn# b

1} i H
I R A LA I TR T (I L I T IO (O 1] PO OEC0D0000

OODOWUOUDODODODOVLODDVOOC0

D

T

0037
0038
0039
0040
0041
0042
0G43
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060

0061

0062
0063
0064
0065
0066
0067
0068
0069

0070 .

0071
0072

£re



A0

PP33LLI}
PP34(I)
PP35(I}
PP36LI)

wonponn

STORE THE
VECTOR

N = I+K
VP{N) = X
RPIN) = X
PSPIN)
VDP(N)
PPL (N}
PP2IN}
PP3{N)
PP4{N)
PPS (N)
PP&{N)
PPTIN}
PPBIN)
PPIEN)
PPL1O(N)
PP11 (N}
PP12IN)
PP13 (N}
PP14(N)
PP15(N)
PP1&(N)
PPLTI(N)
PP1BIN}
PP19(N}
PP20(N!}
PP21EN)
PP22INY
PP23(N)

(U I

oo

“Hou

o0 i nuu

LT |

(w R = o R

MEASURED VALUES OF THE ELEMENTS OF THE EXTENDED STATE

H{1)
H{2)
XHE{3)
XH{4)
XH{NO+1)
XHINO+2)
XHINC+3)
XHINC+4)
AHINO45)
XH{NO+6 )
XH{NDO+T)
XHINQ+8)
XHINQ+9)
XHING+10D)
XH{NO+11)
XH{NO+12)
XH{NT+13)
XHINO+14)
XHINO+15}
XH{NDO+15)
XHI{NO+17])
XH{NO+18B)
XHE{ND+19)
XHI{NO+20}
XH{NDO+21)
XH{NO+22)
XHI{NO+23}

%)

0073
0074
0075
06076
0077
0078
6079
0080
0081
0082

0083 -

0G84
0085
0086
0087
0088
0089
0090
0031
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
01056
0107
0108

#12



OO0

PP24(N)
PP25{N)
PP26(N}
PP2T(N}
PP28BIN)
PP29IN)
PP30O(N)
PP31(N)
PP32(N}
PP33{(N)
PP34(N)
PP35(N?
PP36(N)}

[T VI IO TN T IO (I (B

IF (1.LT.K) GO TO 100

STORE THE STANDARD DEVIATIONS FOR EACH ELEMENT OF THE EXTENDED
STATE VECTOR AT THE END OF THE IDENTIFICATION PROCESS

XHI{ND+24)
XH{ND+25}
KHIND+26)
XHIND+27)
XHINO+28)
XH{NO+29)
XH{I{ND+301})
XHINO+31)
XH(ND+32)
XH{NO+33)
XHINDO+34)
XH{NDO+35)
XH{NO+36})

- DO 1 M = 1,5P
EE{M) = DSQRTIDABS(EHIMyM}))

CONTINUE

EV = EE{(1)

ER = EE(2)

EPS = EE(3)

EVD = EE(4)

EPL = EE(NO+1)
EP2 = EE(ND+2)
EP3 = EE(ND+3)
EP4 = EE(ND+4)
EPS = EE(NO+5)
EP6 = EE(ND+6)
EPT = EE(ND+T)
EP8 = EE{NO+8)
EP9" = EE(NG+9)
EP10 = EE(NO+10}
EP11 = EE(NO411)

0109
0110
0111
0112
0113
0114
0115
0116
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
01320
0131
0132
0133
0134
0135
0136
0137
0138
0139

0140 .

014l
0142
0143
0144

512



EP12
EP13
EP14
EPLS
EP16
EP1Y
EP1B
EP19
EP20
EP21
EP22
EP23
EP24
EP2S
EP26
EP27
EP28
EP29
EP30
EP31
EP32
Ep33
EP34
EP35
EP36

TR L I O L T T [ AT T - O O 20 T O [ O LI

EEI(NDO+12)
EE{(ND+L3)
EE(NO+14)
EE(NO+15)
EEIND+16)
EE(NO#1T)
EE{NO+18)
EE{NDO+19)
EEI{NG+20)
EEIND+21}
EEI{ND+22])
EEI(ND+23}
EEIND+24)
EE(NO+251}
EEINO+26)
EEINQ+2T7)
EE(ND+28)
EEIND+29)
EEIND2+32D)
EEINDO+3L)
EE(NDO+32}
EEINO+33)
EE{(NO+34)
EE(NDO+35)
EE(NO+356}

160 CONTINUE

RETURN
END

0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
C156
0157
0158
¢15¢

0160 .

016l
0162
0163
0164
0165
ol66
0167
0168
0169
0170
0171
0172

912
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¥

SUBROUT INE TRNSPS{A,IA,JA,MA,NA,B,IB,JB) 0001

0002
SUBROUTINE TRNSPS TAKES THE TRANSPOSE OF MATRIX A AND STORES IT 6003
IN MATRIX B - 0004

0005

DOUBLE PRECISION A{IA,JA),B(IB,JB) 0006
0007

% 35 2 e 2 3¢ e e ok - 0008
0009

K = MA 0019
IF(NA.LT.MA) K = NA o011
DO 2 I = 1,K 0012
DO 2 J = I,K 0013
BlI,d) = A(J,l) . 0014

2 BlJyI) = A(TI . 0 0015
IF(MA=NA) 3,4,5 0016

3 L = MA+1 0017
DG 6 K = LoNA 0018
DO 6 1 = 14MA 0019

6 BIKeI) = AlI,K) 0020
4 RETURN | : 0021
5 L = NA+l : 0022
00 7 1 = 1,NA 0023
DO 7 J = L,MA o 0024

7 B(I,d) = A(J,T1) 0025
REYURN 0026
END 0027

L12
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SUBROUTINE MAMPLS(A,1A,JA,B,1ByJByMAsNAMB,NByW,IW) 0001

0002

SUBROUTINE MAMPLS MULTIPLIES MATRIX A BY MATRIX B AND STORES THE 0003
PRODUCT IN MATRIX A 0004
0005

DOUBLE PRECISION A(IA,JA)+BUIB,JB) W{IW),WJ 0006
0007

Reaie e ol kK kR 0008
0609

DO 2 1 = 1.MA 0010

DO 1 J = 14NB : 0011

WJ = 0.00 0012

00 11 K = 1,NAMB 0013

11 WJ = WJI+ATT JKI*B{K, D) 0014
1 Wid) = WJ 0015
DO 2 K = 14N8 0016

2 ALl K} = WK} 0017
RETURN 0018
END 0019

g12
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SUBROUT INE MAMP2S (A, 1A, JAyByIBo By MA,NAMByNBoW,IW)

SUBROUT INE MAMP2S MULTIPLIES MATRIX A BY MATRIX

PRODUCT IN MATRIX 8

DOUBLE PRECISION A(LA,JA)BUIB,JB) W{IW},NWI

ok o o o o e o
DO 2 J = 1l«NB
DO 1 I = 1.MA
W1 = 0.D0

11
1

2

DO 11 K = 1.NAMB

WI = WI®A(1KI*B(K,J)
WiI) = WI

DO 2 1 = 14MA

BlIsd) = WLL}

RETURN

END

B AND STORES THE

0001
0002
0003
0004
06005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
o019

612
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R ]

SUBROUT INE MAADDS{ Ay [A,JA,MA,NA,B,IB,J4B) 0001

0002

SUBROUTINE MAADDS ADDS MATRIX A TO MATRIX B AND STORES THE SUM IN 0003
MATRIX A 0004
00065

DOUBLE PRECISION A(IA,JA),B{18,J8) 0006
0007

3k v o 2o 2 0k K oK 00068
0009

DO 1 J = 1,NA 0010
DO 1 1 = 1,MA 0011

1 AlIsd) = AlI,J)+B(1I,J) 0012
RETURN 0013
END 0014

0ee
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B

SUBROUTINE MASUBS (2, TA,JAyMA,NA,B,18,J4B) 0001

0002

SUBROUT INE MASUBS SUBTRACTS MATRIX B8 FROM MATRIX A WITH THE _ 0003
RESULT STORED IN MATRIX A 0004
0005

DOUBLE PRECISION A(IA,JA),B(IB,JB) 0006
000T

A A Rk 0003
0009

DO 1 J = 1,NA 0010
DO 1 I = 1,MA 0011

1 A(I,4) = ACE,J1-B{1,J} 0012
RETURN 0013
END 0014

122



SUBROUTINE MiNVIAyNgDyL oM}

SUBROUTINE MINV INVERTS THE MATRIX A AND PLACES THE RESULY
IN LOCATION A

QO8O n

DIMENSION A(L1l).L{L).,M{1)
DOUBLE PRECISION A.DsBIGA,HOLD,DABS

ook ook o ke ok

SEARCH FOR THE LARGEST ELEMENT

OO0 n

D = 1l.00
NK = =N
DO 80 K = 1+N
NK = NK+N
LiK) = K
MIK) = K
KK = NK+K
BIGA = ALKK}
DG 20 J = KN
I1Z = Nx{J4=1)
DO 20 I = KyN
14 = 12+1
10 IF (DABS(BIGAI-DABS(A(TJ}I}) 15,20,20
15 BIGA A(IJ)
LK) 1
M{K) J
20 CONTINUE

INTERCHANGE ROWS

OO

J = L(K}

IF {J-K) 35,35,25
25 KI = K-N

DO 30 I = 1N

0001
0802
0003
0004
0005
0006
oGeC7
0008
0009
0010
0011
0012
0013
00l 4
0015
001é
0c17
oo1s
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

2ee



OO0

OO0

OO0

30

35

28

40

45
46

48
50

55

KI = KI+N
HOLD = =-AI(KI)
JI = KI-K+J
A{KI) = A{JI)
AlJI} = HOLD

INTERCHANGE COLUMNS

I = M{K)

IF (I-K} 45,45,38
JP = N*{I-1)

DO 40 J = 14N

JK = NK+J

JI = JP+J

HOLD = =-A{JK)
ACJK) AlJ1)
AlJT) HOLD

([

DIVIDE COLUMN BY MINUS PIVOT{VALUE OF PIVOT ELEMENT
IS CONTAINED IN BIGA)

IF {BIGA) 48,4564:48

0D = 0.D0

RETURN

DO 55 I = 14N

IF (I-K} 50455,50

IK = NK+l

ALIK) = ALIK)/{-BIGA)
CONTINUE

REDUCE MATRIX

DO 65 1 = 14N

IK = NK+I
HOLD = A{IK)
id = I-N

et

0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
Q047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072

£2e
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oo izEeNg!

e ke Xw]

60
62

65

70
75

80

100
105

108

DO 65 J = 14N

IJ = LJ+N

IF {1-K) 606560

IF {J=K) 62,65,62

KJ = TJ-I+K

ACIJ) = HOLD*A(KJI+A(IJ}
CONTINUE

DIVIDE ROW BY PIVOT
KJ = K-N
DO 75 J = 1.N
KJ = KJ*N
IF (J=K) TC, 75,70
AlKS) = AIKJ)/BIGA
CONTINUE
PRODUCT OF PIVOTS
D = D*BIGA
REPLACE PIVOT BY RECIPROCAL

A(KK) = 140/BIGA

CONTINUE
FINAL ROW AND COLUMN INTERCHANGE
K = N
K = (K-1}
IF (K} 150,150,10%
I = LK)

IF (I-K} 120,120,108
JQ = N¥{K-1)

JR = N*([-1)

DO 110 J = 1,N

0073
0074
0075
0076
o717
o678
0079

0080

0081
0082
€083
0084
cQes
0086
0087
0088
0089
0090
0091
Qo092
0093
0094
0095
0096
G097
0098
0099
0100
0101
cl02
0103
0104
0105
0106
G107
0108

tee



110
120

125

130

150

JK = JQ+J

HOLD = ALJK]
JI = JR+J
AlJK) = -AlJI}
A{JI) = HOLD

J = M{K)}

IF (J-K) 100,100,125
KI = K-N

DO 130 1 = 14N
KI = KI+N

HOLD = A(KI}
JI = KI-K+J

ALKI) = -AC(JI)
At41) = HOLO
G0 TO 100
RETURN

END

0109
0il0
0111
0112
0113
0114
0115
0116
0117
oll8
D119
0120
o121
0iz2
0123
0124
6125

T4
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Appendix U

INPUT DATA DESCRIPTION

#1 - Carg #6: (A(1), L = 1,36) FORMAT (6D13.4)

A{I) - True values of all coefficients to the motiun

equations, taken from the literature

#7 - card #12:  (AI(l), 1 = 1,36)  FURMAT (6D13.4)

Card

AI{I) - Initial esiimates of all coefficients to the
motion equations, approximately 30%of the

accepted true values

#13 - Card #18:  (ASD(I), I = 1,36)  FORMAT (6D13.4)

Card

ASD(I) - The standard deviations to the estimates of all

coefficients to the motion equations

#19 - card #21:  (PMS(J), J = 1,16)  FORMAT (6D13.4)

PMS(1} - PMS{4) - Mean process noise values for the

designated state variables

PMS(5) - PMS(8) - Mean measurement noise values for the

designated state variables

PM3(9} - PMS(12} -~ Desired standard deviations of the

process noise distributions

- 226
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PMS(13) - PMS(16) - Desired standard deviations of <he

measurement ncise distributions

Card #22 - card 7273: (INX(I), I = 1,8) FGRMAT (616)

INX(I) - 0dd integer values for use in the Gaussian

nolse generation, random number generatocr
Card #2b: G FORMAT (F10,6)
G - Identity factor (1) for the process noise vector w

Card #25 - card #28: LP1 - LP36 FORMAT (9I5)

LP_ - Coefficients to be identified, in increasing
numerical order ... remaining positions to be

assigned other arbitrary non-zero values (i.e, 1)

card #29: VST, RST, PST, VDST FORMAT (4F10.5)

VST - Initial sway velocity

RST « Initial yaw velocity

P5T - Initial yaw angle

VDST - Initial yaw acceleration
card #30: VCV, RCV, PGV, VDCV FORMAT (4F10,3)

VCV - Estimated covariance of the initial sway velocity

RCV -~ Estimated covariance ¢f the initial yaw velocity



o
Ha
o0

PCV - Estimated covariance of the initial yaw angle

VOOV - Estimated covariance of the initial sway acceleration
Card #3112 KS, N, H FORMAT {2I4,710.2)

KS - Number of measured points between plotted peints

N - Actual number of measuremenis over the itrial pericd

H ~ Time increment per measurement

note: Trial pericd = N#H

N/KS = number of pletted points = 47

Card #32: NM, NP FORMAT {215)

NM - Percentage measurement noise

NP - Percentage process noise
Card #33: PW, QW FORMAT (2D10.2)

P¥ - Exaggeration factor for the process noise

QW - Exaggeration factor for the measurement ncise
card #34h:  MP, NO FORMAT (2I4)

MP = Number of coefficients to be identified

NO - Number of measured primary state variables used



Card #35: DI, TL, JJ FORMAT (2F10.3,15)
DI - Maximum rudder deflection in degrees
TL - Half-pericd of the sinusoidal maneuver

JJ - Type oi maneuver desired for the identification

1 = Single-step rudder deflection
2 = Step zig-zag rudder deflection
3 = Sinusoidal rudder deflection

card #36: NE FORMAT (I5)

NE - Type of plotting desired for cutput of results

1 = Use PIOTM plotting routine only
2 = Use CALCOMP plotting routines only
3 = Use both plotting options simultaneously

card #37 - card #40:  ((TITLE(I,J), J = 1,9), I = 1,4)

FORMAT (9AL4)

PITLE(I,J) - Character strings used toc label CALCOMP

plots of the primary state variables

229
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HYDRODYNAMIC COEFFICIENTS(17)s(3)

{(Mariner-class Hull Form)

Coefficienzs Label: Dimensicnalized Value:
(m-Xe) A1) 1243068 E5
Xy £(2) -0,8429 E4
1/2 Xy AL16) 0.,1248 E3
1/6 X uu 5017} -2,0113 E2
(1/2 K ptmxg ) A1) 1349243 E6
1/2 Xgq A{20) ~1,6859 E5
(er+m) A{21) 11,6915 E6
X6 A(22) 0.6547 E4
1/2 X A(18) -0 2492 E4

Vv
(m-Ye) AlL) 22,6504 E5
(mx,-Y2) A(5) -66.5270 E5
Y, A6} -8,1515 E4
1/6 Y, A(25) -0.8853 E3
(Yr-mu) A(7) -18,5084 E6
Ye 4(8) L,9423 E5
1/6 Yeus A(26) 11,6006 E5
1/2 Y., A{27) 8.8863 E4
1/2 Yoy A(28) 0.3308 E&4
1/2 Y56 A(29) -0.2669 E3
Y A(9) ~0.6404 Eb

o}
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Coefficients Label: Dimensionalized Value:
2 10} “?-07560 g7
(mXG-NV} £(10)
(I_=Ne) £{311) 33.8608 EQ
Z r VA4
N A(12) ~9.7735 Eb6
/ 47 EL
i 0409 X
1/6 NVVV 5(30)
(N _-mx;u) A(13) -32.5103 EB
: -1,3033 EB
No A(1h) 6
{ 4o,2256 E7
1/6 Vegg, A(31)
vz A(32) ~1.6753 28
1 ) a 7168 E6
g o v 4636 E6
Q0.,4636 E
1/2 NV@() A{34) 6
2.6293 E
No £(15)

Remarks:

This 1list is comprised only of those coefficients used in

the identification program. All others are assumed zero,.

The dimenisionalized values were obtained from the non-

dimensional form by assuming the following values:

149905 lbf-Secz/ftu

p'.'..'
L = 528.,01 ft
u = 25,317 ft/sec



e NeNaNaNalel

1

SAMPLE DATA DECK ...

THIS DEIK WAS USED IM THE IDENTIFICATION SCHEME OF

SECT

2.306805

-18.508406
-32.510308

1

1

3.32430¢6
0.985303
4,225607
5.000 DS

-12.355 D&

-22.752

1

5
3

08
06.000 D6
0.700 03
3.500 a7
2.700 D5
5.525 D5
7.581 D7
3.924 06
0.185 D3
0.725 D7
0.0 Do
0.0G00000
0.123500
1 11

1 11

o e ey

p— s

22.650405

-1.756007

0.124803
D.654704
0.3308D4
0.4636ND6
29. 450 DS

-12.292 D6

0.900 N2
0.500 D4
0.250 D4
0.350 06

67T.251 D4

57.68B0 05
0.348 D3
0.155 D&
0. 080 D&
0.113 05
0.0 DO

0. 001wD-2
0.003550

Pt

IOM 5.2 = VARIATION IN TREIAL LEMGTH.
~8.429003 ono
b.942305 -6 .4040D3
-1.303308 2.6273D6
~1.6853D5 11.6915D05
-1.56005D5 B.B2463D4
-1l .67%3DA -D.71564D6
-11.G00 D3 0oo
6%.000 D% =44 .,830 07
-91.236 D6 2.000 0B6
-1.300 D5 2.000 Db
-1.200 N5 7.700 D4
-1.300 08 -0.600 D6
2.600 D3 000
14.827 a4 19.213 D2
32.101 vbd ono
%.386 D5 2.6392 DS
J.400 D5 l.186 D4
2.375 D8 O.1156 D6
0.0 DO D.0 00
N.000000 0.003500
0.000500 0.033000
101 1601 1101 1011
101 1001 1101 1011
12 13 1 1 1
! 1 i 1 1
1 1 1 1 1
1 1 1 1 1
0.0 0.0 0.0
0.5 - 05 0.0

-66.52700D5
33.860809
-0.0113D2

ano

~0.266303

ano

—46.,569 D5
43.9500 09
~0.080 D1

one

-0.200 N3

o600

19.358 05

10.158 DG
0.033 D1

0no
0.066 133

ano
0.0 no
0.00050D0

-8.151%04
-9. 113506
~0.2497D4

JDo
0.3470D5
0Do

-57.060 D3
-6B.414 D5
-0.190 D4

o000
0.750 D5
000

24.454 D3
29.321 DS

0592 D3
2o
0.197 D%
nho
0.0 Do
0.0001D0

0001
0002
0003
0004
0005
0006
0007
0g08
0009
0010
oo11
0012
0013
0014
0015
0016
oot
oois
0019
0020
0021
0022
0023
0024
0025
0026
go27
0028
Q029
Q030
0031
0032
0033
0034
0035
0036

AN



8 376 2.3

5 5
1.00D0 1.6030

4 4
10.D 100.0 3
3

SWAY VELOCITY (FT./S5FC.)
Yad VELICITY {RAD./SEC.)
Y AW ANGLE (RADTIANS)
SWAY ATZZELERATYINON (FT./SEC./SEC,)

0037
0038
0039
0040
0041
0042
0043
0044
0045
0646

€€z
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