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ABSTRACT

The SHIPSIM/OPTSIM computer program for the simulation of stationary,
linear optimal stochastic control systems is presented. This program consists
of two separate entities:

SHIPSIM is a general continuous system simulation program
designed to provide a versatile simulation capability with
simple user input. This program can be used for
continuous systems simulation problem which can be defined
in the three user—supplied subroutines.

• OPTSIM is a group of subroutines which are run under SHIPSIM
for the simulation of the response of stationary, linear
optimal stochastic control systems to initial condition
errors and specific user—supplied process disturbances while
subject to measurement white noise.

These two program groups are described; User’s Documentation, Programmer’s
Documentation, and listings are included as appendices. A simulation of
an optimal stochastic path controller for a tanker operating in shallow
water is presented as an example. The programs are written in FORTRAN IV
and with the exception of the plotting portion of SHIPSIM, they are essentially
independent of the Michigan Terminal System (MTS) .
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I. INTRODUCTION

The computer programs presented in this report have been developed in

support of research performed on the optimal stochastic path control of

surface ships in shallow water.1 The programs were written to have general

utility and with the documentation provided here should be of value to others.

The SHIPSIM program has already been used in other research and teaching

applications in the Department of Naval Architecture and Marine Engineering. - -

The SHIPSIM/OPTSIM program has been written to be used in conjunction with

the Department’s OPTSYS program which can very quickly and cheaply provide

the design of the optimal controller and Kaiman-Bucy filter for a stationary,

linear system subjected to white noise process disturbances and measurement

noise. The OPTSYS program was originally written by W. Earl Hall, Jr.2 at I ~Stanford University; a version of this program has been utilized in our

research on the path control of ships. The OPTSYS program can evaluate the

Root Mean Square (RMS) response of the optimal system to the design disturbances

and noise. It is also often desirable to simulate the response of the

controlled system to other specific process disturbances and/or initial

condition errors. The SHIPSIM/OPTSIM program allows this simulation with a

minimum of additional effort and expense.

To provide the maximum utility, the SHIPSIM and SHIPSIM/OPTSIM programs

have been written to be completely separate. Users without an interest in

stochastic control systems can use SHIPSIM alone for any continuous system

simulation problem which can be defined in the user-supplied subroutines.

This report has, therefore, been written so that a reader interested only in

SHIPSIM need only to consult Section III “Description of SHIPSIM” and Appendices

A,D, and G which contain the SHIPSIM documentation and listing. For the

general reader, Section II contains a brief review of the stochastic control

of linear systems, Section IV contains a description of OPTSIM as run under

SHIPSIM, and Section V contains a short example use of the SHIPSIM/OPTSIM

program for the simulation of the stochastic path control of a tanker.

Appendices B, E , and G include the documentation and listing for OPTSIM.

Appendix C includes the User ’s Documentation for our version of the OPTSYS

program for additional reference. The documentation Appendices have been

written to be essentially self-contained so they can be reproduced separately

for subsequence use with the programs.
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II. OPTIMAL CONTROL OF LINEAR STOCHASTIC SYSTEMS

Many physical control problems can mqst realistically be represented

using stochastic disturbances and measurement noise. The response of such

a system may then also be treated as a stochastic quantity. The optimal 
- - 

-

control of linear stochastic systems3’~~’5 will be reviewed very briefly

here as an introduction to the description of the SHIPSIM/OPTSIM program

which follows. The engineering approach can be to model stochastic physical

systems as Gauss—Markov processes which can be represented by the state vector

of a linear dynamical system forced by a gaussian purely-random process

where the initial state vector is also gaussian or normally distributed . Thus,
- - we can represent the system by the following :

nxl mxl qxl
x = F x + Gu + rw , (1)

wher- -ioop dynamics matrix F, the control distribution matrix G,

and ~urbance distribution matrix r are assumed stationary (constant) here.

— The condition of the system is completely represented by the mean value n-vector

x and covariance matrix X for the n state (differentiated) variables; i.e.,

x ( t )  E[x(t)] with x(t0) = x0 , (2)

X(t) E E((x(t)_x(t))(x(t)_x(t))T] with X (t0)=X0 , (3)

where E[...] is the expected value or ensemble average over the many possible

observations at time t. The m non—differentiated variables in u are the

control variables. The q variables in w are the process disturbances which

are gaussian purely-random processes or white noise. White noise is an

idealized , very-jittery process which can be viewed as the limit of a sequence

of impulses with random magnitude and random time of occurence. The impulses

average zero over time but have an average square magnitude given by c(t)

squared . We thus have,

E[w(t)J = 0 , (4)

E[(w(t)—w(t)) (w(T)_w (t))T] = Q (t)6(t—t) , (5)

—2— 
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where Q is the power spectral density matrix and IS (t- T ) is the Dirac delta

function. It is also assumed that there is no correlation between the process

disturbance arid the initial condition of the system; i.e.
2 E

E ((w ( t ) - w ( t ) ) (x ( t 0 )— x 0) T] = 0. (6)

The control problem is to develop the optimal state variable feedback

control,

u = C x  , (7)

where C is the control feedback gain matrix. In general, not all of the

needed states in x are readily measured. Further, it is not necessary to

i- -- measure all the states if it is possible to estimate the remaining states

from those which are most easily measured. In the stochastic case we may have

p measurements available represented by,

pxlr z = H x + v  , (8)

I

where H is the measurement distribution matrix (assumed constant here) and

— V is a vector of white measurement noise with statistical properties,

E [ v ( t ) ]  = 0 , (9)

E[ v ( t ) v ( T ) T] = R ( t ) d ( t — T )  , (10)

E ( v ( t )w (t ) T1 = E (y ~(t ) (~~(t o) —j c0) T] = 0. (11)

The matrix R is the power spectral density of the measurement noise. Equation

(11) states that there is no correlation between the measurement noise and

the process disturbance or the initial state of system. The elements of z
may be measurements of specific states or linear combinations of the states.

The Separation Theorem3 states that the optimal way to control the system

eq. (1) using the information available in the noisy measurements eq. (8) is

to design the controller gains eq. (7) neglecting w and v and thus assuming

perfect knowledge of x. The noisy measurements z can be utilized in an

optimal stochastic observer (state estimator) or Kalman-Bucy filter to produce

a maximum—likelihood estimate of the state ~ and the optimal control will then be,

___________________________ ~—-—- .—.
-
~~ ~~ _~~k ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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1
u = C ~ . (12)

Thus, the controller design is completely separated from the processing of

the noisy measurements to produce the best estimate of the current state of

the system. An overall schematic of such a stochastic control system is

shown in Figure 1. The measurements z from the sensors are used in the optimal

stochastic observer to produce an estimate of the states ~ which are then used

in the optimal controller to produce tue control signals U given to the actuators.

process
• measurement

— - disturbances
_____ noise

~~~ F r 1_ V
_ _Q~~1~~ 1 R i

L~} +
~~~~~~~~ ~~~~~~~~~~ ~~~Ht

actuators 1 t
_____ sensors

z measurements

I F k  -

physical system

optimal
G _________________ 

__________

optimal ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
controller plant model

II ~ 4H1

Figure 1. Overall Schematic of Optimal Stochastic Control System

An optimal control can be defined in many ways. The most common when we

want to control x near zero using reasonable values of control U is to

use the control which minimizes a linear quadratic cost function,

tf
j  = I J (xTAx + uTBu dt , (13)

to

- - - —~ - ~~~~~~~~~~~ 
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where the A and B matrices are initially established by the designer to

reflect the relative weighting of errors in the various states and the use

of the various con—rols. The A and B matrices are usually diagonal with at

least some nonzero diagonal elements selected to be,

A
~j 

= and ~~ = , (14)

where u0j is an acceptable amount of control j to be u~~d when the state i
deviates X0j from zero. It is usually necessary to modify the weighting

matrices A and B and iterate on the design based on the evaluated response

of the controlled system. The calculus of variations3’8 can be utilized to

show that the control which minimizes eq. (13) for a stationary system is

given by,

C = _B•~’G
TS , (15)

where S is the steady-state solution of a matrix Riccati equation which is

independent of w (Q) and v(R); i.e.,

S = _SF_FTS+SGB 1GTS_A . (16)

An efficient way to obtain the steady—state solution , S~,, is to utilize the
- 

- . technique of eigenvector decomposition first proposed by MacFarlane6 and

Potter.7 This method was developed into a practical design computer program

by Bryson and Hall2 in Hall’s OPTSYS program which uses the QR algorithm to

solve the eigensystem. User ’s Documentation for the Michigan version of this

program is included in Appendix C for information.

The second half of the design problem is to develop the optimal stochastic

observer. Again , the calculus of variations8 can be utilized to show that

the maximum-likelihood estimate of the state is produced by the filter given

by,

= F~ + Gu + K (z-H~ ) ; 2(t 0) = 
~o ‘ 

(17)

where the filter feedback gain matrix K for a stationary system is given by,

K = PH TR 1 
, (18) 

~ —— -- ~~~~~~~~~ ~~~~~~~~~~~~~~ ——- ——
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where P~ is the steady—state solution of the matrix Riccati equation ,

P = FP + PFT + rQr T - PHTR 1HP . (19)

The matrix P is the covariance of the error of the estimate of the state;

i.e.,

P(t) E((2(t)_x(t))(~~(t)_ ~ (t))
TJ . (20)

In eq. (17), it can be seen that the estimate x is assumed to follow the same

dynamics as x (excluding rw) and that if the measurement which would result

from 2 (excluding v) deviates from the actual measurement z a correction is

introduced to drive 2 closer to x. In eq. (19), it can be seen that, as

expected , large process disturbances (high Q) and large measurement noise
(high R) will increase P, the error in the estimate produced by the stochastic

observer. An efficient way to obtain the steady—state solution to eq. (19),

P , is again by eigenvector decomposition as implemented in the OPTSYS program

described in Appendix C.

In modeling physical systems, it is not always realistic to assume that

the process disturbance or measurement noise is white noise. If the process
disturbance is a random quantity which changes very rapidly compared to the

time response of the system, it is reasonable to assume the process disturbance

is white noise as in Eq. (1). However, if the process disturbance is a random

quantity which changes very slowly compared to the time response of the system

(perhaps a tidal current effect on a passing ship), it is reasonable to

assume the process disturbance to be a random bias or constant. This can be

- - incorporated into the above treatment by defining an additional state variable
or variables such that ,

Xn+l O , (21)

and xn+i (t o) is random . This state variable is included in an augmented state

vector of length n+l and w might then be zero .

If the process disturbance is a random quantity which changes on about

the same time scale as the response of the system, it must be modeled as some—
thing between white noise and a random bias. This is accomplished by the use

of various shaping filters and again augmenting the state vector. The simplest

shaping filter produces an exponentially correlated disturbance3 by driving 

s-- -- —— _#- - ~~~~~~— -— s—-’-- ~~~~~~~~~~~~~~~~~ -~~~ ———-~~~~~.-~~~~-- ~
____.___J - 
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a first-order system by white noise. A new state variable is defined as

follows:

TcXn+l + Xn+l = w , (22 )

where rc~ is the correlation time and w is white noise. The state vector can

then be augmented to an n+l vector and the total system is still disturbed by
white noise as in eq. (1) .  The shaping filter processes the white noise to

produce a new disturbance xn+l which is random but with a characteristic time

constant t 0 of about the same order as the response time of the system. Other
- -

~~ higher-order shaping filters are possible to model more complex disturbances.3’5’9

If a physical system, its disturbances, and the noise in its measurements

are modeled as described above , a design program such as the OPTSYS program c~..n

be used to produce the optimal control gains C and the optimal filter gains

K. The OPTSYS program can also produce the Root Mean Square (RMS) response of

the system to the design disturbances as represented in the power spectral

densities Q and R. The RMS response is, however, not that meaningful to

many engineers. Also , specific physical disturbances will often be modeled
through the use of shaping filters and the designer may want to know the
response of the controlled system to the specific disturbances. Thus , there
is often a need to simulate the response of the optimal stochastic control

system to specific process disturbances and initial condition errors while

subject to the measurement noise. The SHIPSIM/OPTSIM simulation program was

developed to allow the simulation of these systems with a minimum of effort and

computer programming. This simulation program is a valuable complement to

the OPTSYS program for use in control system design.

- - U
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III. Description of SHIPSIM

-

- 
- In developing a simulation of the optimal stochastic control systems for

the path control of surface ships’, it was decided to develop and document

these programs so they could be of general use in the future. Further , it

was decided to separate the input/output and numerical integration portions

of the program from those portions specifically related to the stochastic

control problem . This is the SHIPSIM-OPTSIM dividing point and makes

SRIPSIM a general continuous systems simulation program which has a very wide

range of applications and usefulness. It has already been used in a number

cf additional research and teaching applications within the Department of

Naval Architecture and Marine Engineering at the University of Michigan.

The authors have research and teaching experience with continuous system

simulations written from scratch using existing numerical integration sub-

routines10 and with the use of higher—level, problem—oriented continuous

systems simulation languages 11 specifically IBM ’s Continuous Systems Modeling

Program (CSMP).12 Based on this experience, it was felt that a valuable

compromise between these two approaches would be a FORTRAN IV batch-type

program with flexible input, output, and integration specification and control

features to which the user would only have to add a few user—supplied sub-

routines which define his particular simulation problem in a standard form.

This is similar to the modular approach taken in the development of our

nonlinear, constrained, parameter optimization program 13 which has proven very

useful in research and teaching applications. The user can work at the FORTRAN

level without the need to learn a new, higher-level language but can still have

available many of the labor saving features of a higher—level language such as

CSMP . We have not conducted a specific test but SHIPSIM should also be s3 gnifi-

cantly cheaper to run than CSMP since the CSMP—to-FORTRAN translation step is
- - not needed.

The only computational function of SHIPSIM is to integrate a set of n<25

coupled, nonlinear, first—order differential equations from an initial condition ,

nxl

Y ( t )  = f ( Y ( t ) ,t )  , 1(t0) = Yo , (23)

and to perform a set of m<5 nonlinear auxiliary calculations ,

—-------—--— -~~~~~~~~—~~~~~~~~~- ----.-~~~~~~~~~ . •~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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mxl
z ( t)  = 2(Y (t) ,t) , (24 )

at each program output point. The output can be printed output of any selected

or all elements of I and all elements of z at specified points in t; CALCOMP

plots can also be easily obtained for any selected elements of I and z as

functions of t. The user can select either a fixed step—size Euler (rectangular)

integration or a variable step—size, guaranteed-error, fourth-order Kutta-

Merson integration method.1
~ The simulation can be per formed in a series of

sequential pre-specified integration segments using a different integration

V 
- 

method and different integration and output specifications in each segment.

The overall integration can be stopped based on the value of one of the elements
- 

- 
of Y as well as on the value of the independent variable. Multiple runs can be

- made by changing the entire SHIPSIM and/or model input data sets for subsequent

t runs or by changing only specific values in the data sets used in the previous

run. This substantial flexibility is achieved with fairly brief and simple

SHIPSIM input data.

Euler or rectangular integration gives the value of I at time t+tt as ,

- 

- 

Y(t+t~t) = 1(t) + Y ( t )* tit  
; (25)

i.e., it evaluates the derivatives once at time t and assumes them constant

- over the integration step ~t. Euler integration is thus very simple and

efficient. For processes with generally small and/or smooth variations in

— Y it can yield acceptable answers when a suitably small integration step-size,

- 
- L~t, is used. When the step—size is too large it is possibl e f o r  the integra-

tion resul ts to completel y di verge f rom the correct resul ts . Euler integra-

tion can also successfully handle discrete changes in Y when 1~t is kept small.

- If Y experiences large and rapid changes in magnitude, the acceptable value

of ~t may be so small that excessive CPU time will be needed to complete the

integration. The integration step-size used in a region where Y changes

rapidly would be very wasteful if also used in regions where Y changes more

slowly. For this reason (and to facilitate variations in output), SHIPSIM

- 
allows a specific integration run to be specified with up to five integration

- - segments each with a separate integration method and/or step—size. Euler

integration has the disadvantage that the error of the integration results is

- ~ 
~~T 11TITIIIIT~I1 1IIIIt T :r ::: -
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reduced step—size to verify that the results are acceptably accurate.

Kutta-Merson integration~~ ’15 is much more complex than Euler integra-

tion but provides a dynamically varying integration step-size which is automati-

cally doubled or halved as necessary to produce guaranteed, user-specified

absolute and/or relative error in the results. This step-size will be short

where Y changes rapidly and much larger where Y changes more slowly. There

is much more computational overhead than with Euler integration but guaranteed

error is provided and the integration step—size is never any shorter than

necessary. Improved integration cost is thus possible in some cases. A major

problem with Kutta—Merson integration is that it may be very difficult to meet

the specified error limits (particularly at points where Y is discontinuous

in value or slope) without shortening the integration step—size to the point

where excessive CPU time is used. To protect against excessive reduction in

step-size without user interaction to relax error specifications, SHIPSIM

includes capability to limit the number of times the initially specified

step—size will be automatically halved (cut). If this number of cuts is

exceeded , the integration is terminated and an error message is printed. Kutta-

Merson integration is able to predict the integration error by evaluatii:g

the derivatives at five points in each integration step as compared to Eui’~r

integration which evaluates the derivatives only once for each integration

step.

To define a particular problem for SHIPSIM, the user must provide a

subroutine DERIV to evaluate the derivatives eq. (23) and a subroutine INPUT

to provide the problem dependent input to the program. If the user also wants

to output quantities in addition to the ii integrated variables; i.e., if m>0,

the user must also provide a subroutine ACALC to perform the auxiliary calcula-

tions eq. (24). If m=0, a file containing a dummy version of ACALC without

executable code is available to be called in order to allow program loading

without an error message. Files containing the object code (compiled) versions

of these user—supplied subroutines must be concatenated with the SHIPSIM

object file on the Michigan Terminal System (MTS) $RUN command to link the

entire program together. The program can be easily run from the terminal

using data files. Printed output can be taken on the terminal or line printer

as specified . CALCOMP plots can be generated of f—line  using a SHIPSIM

produced plot file .

—S -- ~~~ — — —-— ————- -—— ——— ——— — ———- —-—— —— — - —-—— .——-—--— —---— .-—-—- ~———- —- —— ~—---—-—— -——S ___ _ _— _ -~___ —~.-_-_ __ - _a_ .__ — A J . _._ . .. - - -
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The macro structure of SHIPSIM is shown in Figure 2. The three user—

supplied subroutines are shown across the bottom. It is important to emphasize

how each of these subroutines are called by SHIPSIM since this establishes

what the user may and should put in each subroutine. Subroutine INPUT is

called once at the beginning of the simulation run. It must input or assign

NEQ, the number of equations to be integrated by SHIPSIM (n in equation (23)).

It must also obtain any problem dependent input and perform any problem input

verification output and initialization needed by the user. The input must be

transmitted to the remainder of the user-supplied subroutines by separate

subroutine calls (as in OPTSIM which follows) or by labeled COMMON. The

COMMON must be labeled since SHIPSIM already utilizes unlabeled COMMON.

Subroutine DERIV is called at least once per integration step by whichever

integration subroutine has been selected. It may thus be called hundreds or

thousands of times in a simulation run. Subroutine ACALC is used to calculate

the value of those non—integrated quantities which the user wishes to see

in the printed or plotted output. It is thus called only at the specified print - -

and plot points. Often these calculations (perhaps the value of a control)

will duplicate those performed in DERIV but they should be repeated again in

ACALC since the most recent value established in DERIV will be prior to the

actual print or plot point of interest. The example in Appendix A User’s

Documentation for SHIPSIM illustrates such a case.

S1IIPSIM input
v.r iflcation.outpu t PRIIfT called at anch
o~ ~ ~~~ 

print interval
elenent . of I inpu t. output called at cc LIII!?and ret urn to MI Nintegration
plotfile for coot oi ~~~ tn t .qration to check
.ub..qu.nt CALC~~~ 

called at each depend ent varia ble .ta p condition
plot of ..l. ct.d plot inter val
•1...nta O f ! a n d z

called to integrate to next
print or plot point or end of
int .qra t ion seg.ent

ItJLEN ~ .n-rA-ME pSow

principal sNIP snI subrout ine.
= = = = = = = = = — = = — — — — — — — en — =

user-supplied subroutine.

all.d once to obtain called at each called at least
prob le.. dependent input print or plot once each

point as needed integration step

I.a~e1.d 1 F cuxvtc
~

u I Ji~
(!.t)

L __
~~~~~~~~~~~~ _ t  

•cptional

Figure 2. Macro Flow Chart for SHIPSIM 

—---—-- - ~~— -—— -~--~~~~ ~~~~~ --~~~~~~~ - ---S-
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- 
The SHIPSIM program has been written to be independent of the Michigan

Terminal System (MTS) as much as possible. The principal exception if the
-

_ 

plot option which uses many subroutines from the *PLOTSYS public file on 11TS16

to prepare the CALCOMP plotfile. Most computer installations have comparable

software or the program can be used with the plot option removed. Appendix A

-~ contains the User ’s Documentation for SHIPSIM. Appendix D contains the
- Prograniner’s Documentation for SHIPSIM. Appendix F contains a source code

- 
- - 

listing for SHIPSIM . The plot option portions of the code which must be

altered or removed to implement the program on another system without the

plot capability are identified in Appendix D.

J

- —-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ ~~— -.— ~~~~~~~~~ —.--—.“ -- - - --- ~~~~~~~~~ ———‘———-----—.-~ -
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IV. Description of OPTSIM

OPTSIM is a group of subroutines which constitute the INPUT and DERIV

subroutines needed by SHIPSIM. OPTSIM running under the control of SHIPSIM

allows the simulation of the response of stationary , linear optimal control

systems to specific user—specified process disturbances and/or initial condi-

tion errors while subject to measurement white noise. The input data set is

constructed so that input used for system design using our version of the

OPTSYS program (Appendix C) and the gain matrices as output by OPTSYS can be

used directly with OPTSIM. The simulations can thus be obtained with a minimum

of additional data preparation and programming by the user. The macro

structure of OPTSIM running under the control of SHIPSIM is shown in Figure

3.

START

• 
________ SHIPSIM input

- - PRINT 1 ~verification~
SHIPSIM SHIPSIM _________ selected simulation

— I — 

~~
u( LIMIT~~ 

Output

L CALCOMP plots of
i - PLOT .. .selected sisulation
11  Output

- I _ _ _ _

H 
_ 

L~~]
- ~~

— —  —1 INPUT~~
OPTSIM input I • I- .

verification for YE &

.
~~
_. - —I. x~p~rri ]‘- ~fp~~xvi i i L~_____ I for v

IENTRY H~ 
-

~~ERIVJ1~~~
{ NOISE 1

OPTSIM I i I i

I ~ .NDU I LNDTRI

- from IBM SSP

- 
- 

for z— g(Y, t ) for j 
~ 

for w

EE~i~~ IL1~~~~~~~~~~~~~~~~~~~~~

optional user-supplied subroutines

Figure 3. Macro Flow Chart for SHIPSIM/OPTSIM

_ ~~~_~ __ i _ _~~~~~~~_
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A control system response to initial condition errors while subject to

measurement noise can be simulated without any additional programming by

the user . The initial conditions can be input as part of the SHIPSIM input.

Measurement white noise V w~Lth user-specified standard deviation a
’ is calcu-

- 
- lated within OPTSIM by subroutine NOISE which utilizes two subroutines from

the IBM Scientific Subroutine Package17 for randum number generation ( RANDU )

and transformation to normally-distributed quantities (NDTRI). If the user

wishes to subject the system to a specific process disturbance w, he must

prepare a subroutine DISTRB which defines the process disturbance as a function

of the states and/or time. The user can also include a subroutine ADERIV if

quantities ~ in addition to the states x and estimates k are to be integrated.

Finally, the user can also include a subroutine ACALC (defined as part of

SHIPSIM) if additional non—integrated quantities are desired at the print or

plot points.

The simulation problem of interest includes the physical system which

could be given by,

NSxl NCxl NGxl
= F~X + G5 ti + r w , x(t0)=~~ , (26)

with measurements,

NOBxl
Z HsX + V  , (27)

where w and v are white noise with statistics given by eq. (4), (5), (9),

(10), and (11). The system matrices F5, G5, r, and H5 have dimensions (NSxNS),
(NSxNC) , (NSxNG), and (NOBxNS), respectively . If shaping filters are used

to model some or all of the process disturbances, w in eq. (26) is not entirely

white noise but includes random quantities with finite, nonzero correlation

times. Using shaping filters, the state vector can be augmented for design

purposes to be ,

XNS+1 (28)

X E

-- ---. —-~~~~~~~~~~~~— - -- ~~~~
—- -— —-—a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~~~~~~~~~~~ ~~~~~



‘ ‘
~~~~~~~~~

‘- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
-
~~~~

—
~
—-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~

—,•--- —~
-,- -—-----,,•~——--—--•-~— -- — -,--

~ —~

- - - - - - ---•~~~~~
_ _ .—---

-15-

and the design system equation or estimator design equation is given by,

4 NExl
= F~ X 1 + G~~~ + r’w’ , (29)

with measurements,

Z = Hex’ + V , (30)

where w’ is now white noise with statistics given by eq. (4), (5), and (11).

The estimator design matrices Fe, Ge, and He now have dimension ( NExNE) ,

(NE xNC) , and (NOBxNE) , respectively.

The optimal state estimator design produces the Kalman-Bucy filter

equation,

= F~~ + GeU + K(Z Heft) (31)

where the filter gain matrix has dimension (NExNOB) . The optimal controller

design produces the control equation, -

u = C ~ , (32)

where the control gain matrix has dimension (NCxNE). Substituting eq. (27) and

(32) into eq. (26) and (31) yields the system of equations to be simulated; i.e.,

X = F5x + G5C~ + rw , (33)

= F~~ + GeC~ + XH5x + - 
~~e& 

. 
- (34)

Rearranging these gives,

& 

[k] [Z ~eZ
xii
eJ ~~~~ 

(35)

Fs Fe, G5 G0, and Hs He.
- 

I 

If no shaping filters are used , NS=NE and eq. (26) and (29) are identical so

2— —~~~~
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The simulation problem may also include integration of a number of ~
additional quantities given by,

NAxl
= h (x ( t ) ,~~(t ) ,~~(t ) ,t) . (36)

SHIPSIM integrates the total system of NEQ=NS+NE+NA equations given by eq.

(35) and (36) grouped as follows :

NE9xl [!i -

The derivatives eq. (35) are calculated by OPTSIM using the user-supplied distur—

bance w from subroutine DISTRE. The derivatives eq. (36) are calculated in the

user—supplied subroutine ADERIV. The combined vector of derivatives eq. (37)

is loaded in OPTSIM and returned to the SHIPSIM integration subroutine.

The selection of integration method and step—size and the specification

of white noise standard deviation a ’ must be done carefully when simulating

stochastic systems. In design, the usual approach in modeling random

disturbances or noise whi ± vary rapidly compared to the dominant -time

constants of the system is to first assume they are exponentially correlated.

The correlation time Tc and standard deviation a are then obtained or approxi—

mated. For an exponentially correlated quantity the power spectral density

is given by, 5

2a2 8
= w 2+82 (38)

where B”tc~~. This power spectral density is approximately constant for

- <<8. The power spectral density can therefore be approximated by,

Q ~~ 2a2/8 = 2a 2Tc ~~~~

since tc is small compared to the dominant time constants of the system; i.e.

<<8. The noise is thus considered white noise with constant power spectral

density given by eq. (39).

In simulating stochastic control systems, the continuous gauss-markov

process eq. (35) is usually approximated by a discrete gauss-markov sequence 

~~~~ - -— ~~~~~~~~~-—--‘-—~~~~--~~--- - , - -
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through the use of Euler or rectangular integration. In this approximation,

care must be execised to ensure that the system covariances are preserved.

The discrete gauss-markov sequence can be given by,

- ~- = + r1 w~ , i = 0,1,.. .,N (40)
I

- 

z. = H . x .  + v. , i = 0,1,...,N (41)

- ~~~~~~~~~~~~~~~~~~ 
~~~ ij  (42)

E [v ivj
T] = Ri6~~ 

(43)

;~ 

- 

E[(wj
_
~Li
)v
j
T] = ~~~~~~~~~~~~~~~~~~~ E [v~~(~ 0

_
~0
)T]=0 , (44)

where cS . . is the Kronecker delta function. The control can be omitted in
-
- - - 

1J
this discussion without loss of generality. If we take P1 as the error

- 
covariance of the discrete Kalman filter estimate at point i, the covariance

- can be propagated to the next measurement point i+1 using a time update to

give the error covariance prior to the measurements Mi+l and then the measure-

ments can be processed in the measurement update to give 
~i+l 

- Governing

- update equations can be expressed as,

- M .~ 1 = ~~PJ~~ + r1Q.r~ (time update) (45)

- - 
~~~~+1 = M.

+1 
- K~+iH . i M . +i 

(measurement update) (46 )

- where1

= P1H~R~~’ = MiH~ (HiMiH~
+Ri)

1 (47)

(See Bryson and Ho, Applied Optimal Control,3 pp. 349—351, 357, 360—361)

- The corresponding equations for the continuous gauss—markov process and

7 the error covariance are given by,

x = Fx + rw , x(t0)x 0 , (48)

z H x + v  , (49)

E[(w(t)—w(t)) (W(r)_ (T))TJ = Q6(t—t) , (50)

E(v(t)v(T)TJ R5 (t—t) , (51)

_____________ _________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ 
-‘-

~~~~~ ~~~~~~~~~~~~
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P = FP + PFT + rQr T - KHP , (52)

where eq. (18) has been used in eq. (19) and eq. (4), (6), (9), and (11) also

apply. When Euler integration with integration step—size ~t is utilized,

x (t+tit) is approximated using eq. (48) to be,

x (t+Lit) = x(t) + Fx(t)t~t+ rw(t)~ t. (53)

By comparison between eq. (40) and eq. (53) we must then have,

= (I + Fat] , (54)

= r~t . (55)

Again when using Euler integration , the error covariance P(t+~t) is in effect

approximated using eq. (52) to be,

p (t÷At)=p (t)+Fp(t)~ t+p (t)F
TM +rQrT~t_K(t)Hp (t)~ t. (56)

This should produce the same error covariance as eq. (45) and (46) for the

simulation to be correct.

Using eq. (54) and (55) in eq. (45) yields,

M
~+1 = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (57)

H where the term in ~~~ can be neglected since the integration step—size ~t

is kept small. Using eq. (57) in eq. (46) now yields,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H(P~+higher order terms in ~t)~ t.

(58)

H In the limit as ~t-*O, X. ~~1
-~K~ so we have , —

K. K.
i+l 1 T —1= ~~ - = P

~
H (R

~~
t) , (59)

and eq. (56 ) will equal eq. (58) if we take ,

Q~~t = Q’ (60) ‘

R
~~

t R  . (61) 

~~~~~~~~~ ~~~~ . . .  .~~~~..
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The correct measurement noise covariance R
~ 
to use in the simulation there—

fore depends on the integration step-size t~t. If a~ is the standard deviation
-

- 
. for noise element i (square root of element i of Ri), a correct simulation

must utilize,

1/2
= [~i 

(62)

where R
~i 

is the i-th diagonal element of R used in the design of the continuous

stochastic control system and ~t is the fixed integration step—size used with

Euler integration. Notice that the standard deviation used in eq. (39) to
approximate the power spectral density for the measurement noise in the design

of the continuous system; i.e.,

R . . ~~ 2o.2t , (63)
11 1 C

is not the same as the standard deviation a~ which must be used in the simu-

lation using Euler integration.

User’s Documentation for OPTSIM is included in Appendix B; Programmer’s

Documentation for OPTSIM is included in Appendix E; a source code listing of

the OPTSIM subroutines is included in Appendix G. An example simulation of

the response of an optimal stochastic path controller for a tanker using

SHIPSIM/OPTSIM is described in the next section.

-------•—.-.——~—.- _
~—--—- ---—-- --— .-.---—--- —-.—~~~ - ,-  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- - - -~~~~~~~~~ .‘  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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V. Tanker Path Control Example

This section will briefly present the simulation of an optimal stochastic

path controller for a tanker operating in shallow water as an example of the

use of the SHIPSIM/OPTSIM simulation program. For a complete development

and extensive results concerning this problem the reader should consult our

research report on the optimal stochastic path control of surface ships in

shallow water. ’ Considering the small—deviation control of a ship along a

path using the coordinate system shown in Figure 4, the equations of motion

in the horizontal plane can be written as follows in non-dimensional form:

(64)

(I ’zz 4J ’zz )
~~~: = N81 8’ + Nr~r ’ + N~ ,8’ + N~ ,cS’ , (65)

= Y 81 8’ + (— m ’+Yr ’)r ’ + ~~~~~~ + Y~~ , ô’ , (66 )

= — (67)

Numerical values for the coefficients in eq. (65) and (66) for the 150,000

DWT tanker Tokyo Maru at 12 knots were given by Fujino18 for various values

of water depth to draft ratio (H/T) . Equations (65) and (66) can be solved

H simultaneously1 to produce two equivalent equations without the coupling in

r ’ and 8’ . Finally the rudder control system can be modeled by a first-order

system,

= ~~
-. (& ~ —~~‘ )  , (68)

where is the commanded rudder angle. These equations yield the system

equations ,

.o i 0 0 0 
_
o —

$ d 
r’ 0 f22 f23 0 f25 r’ 0
8’ = 0 f32 f33 0 f35 8’ + 0 

~~~~ 
. (69)

11’ 1 0 —l 0 0 ri ’ 0
6’ 0 0 0 0 l/Tr 6’ l/Tr

_ _ _ _  

-20- 
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We also have the equation for the movement along the path which when non—

dimensionalized becomes just,

~

f, = l  . (70)

Figure 4. Ship Path Control Coordinate System

The effects of disturbances such as passing ships, bank effects, spatial

current changes , etc . can be modeled as exponentially correlated disturbances

with the use of first—order shaping filters,

T~~~~, + N’ = wN , (71)

~~~~ + ~~
• = Wy , (7 2)

- 

- 
where N ’ is a yawing moment and Y’ is a lateral force acting on the ship.

Augmenting the state vector, the estimator design equation eq. (29) becomes,

4 
~ i ’~ 

•
0l  0 0 0 0 0 

~~~~~~~~~~ 
b • 

ro 0
r’ 0 f22 f23 0 f25 f26 f27 r’ 0 0 0
8’ 0 f 32 f 33 0 f 35 f36 f37 8’ 0 0 0

d n’ = 
1 0 —l 0 0 0 0 + 0 0 0 r~N1

dt ’ 61 0 0 0 0 l/Tr 0 0 6’ l/Tr c 0 0 Iwyl ’
N’ 0 0 0 0 0 -l/Tw 0 N ’ 0 1/TN 0 L J

Y’ 0 0 0 0 0 0 l/Ty Y ’ 0 j 0 1/Ty

( 73)

- - — —~ ~~~~~~.— -- --~~~--— —._.
~

t ___ -- -----—--_ -~~~~~~~~~~ P__.-- ~-~~~~~~~~~---- —. - —--—- ---—~~--—------ a~~
— 
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and the measurements could be ~~‘ f rom a compass , r ’ from a rate gyro and

r~’ from radar (or DECCA) to give the measurement equation eq. (30),

rl 0 0 0 0 0 o~1
~~~ I 0 b 0 0 0 0 0 I ~~’ + Y .  (74)

-

. 
L 0 0 0 1 00 0J

These equations with power spectral densities Q and R for w and v were used
as input to the OPTSYS program to produce the optimal control gains C and the

optimal state observer gains K based on the stochastic design disturbances

represented by the shaping filters.

- 
- To simulate the response of the ship controlled by the optimal stochastic

controller to specific physical disturbances SHIPSIM/OPTSIM can be used. Figure

5 shows, for example, the non-dimensional yawing moment N’ whi~h would act

on the ship as it closely passes a ship moving in an opposite, ~‘ara1lel

direction. Lateral force Y’ and yawing moment N’ disturbances were 4eveloped

based on data obtained by Newton.19 These disturbances can be applied to

the ship in the simulation and the system equation eq. (26) then becomes,

*1 00- 0 00 *‘ 0 
— 

0 0 
-

= + 6~~~’+ ‘

6’ 0 0 0 0 —l/Tr 6’ l/Tr 0 0

with the measurement equation eq. (27),

r l 0 0 0 0l
= 10 1 0 0 01 x + v - (76)
L 0 0 0 1 O J

Eq. (73), (74), (75), and (76) define the system and estimator design matrices

F0, G5, H5, Fe, Ge, He, and F. The OPTSYS output defines the gain matrices

C and K. The measurement noise simulation standard deviations a’ were derived

from R using eq. (62). The simulation equation eq. (35) is thus fully

defined. Equation (70) must be treated as an additional derivative to be

integrated along with eq. (35).

To set up the SHIPSIM/OPTSIM simulation subroutines DISTRB and ADERIV

must be prepared. The disturbances as in Fig. S were curve fit with piece—

__s______  s_______ ~~ — __a__ 
— --- — ..- - —-a-- —- -~~~ - _ _ _
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- - Figure 5. Yawing Moment N’ due to Passing Ship

- wise cubic splines. The subroutine DISTRE can then take the current value of

non-dimensional t=TIME, locate which segment K of each spline is applicable

- by testing for t K�TIME<t K+l, and then evaluate the splines to produce N’ (TIME )

-j and Y’ (TIME). These disturbances can then be returned in w. A listing for
-
- the DISTRB subroutine for a passing ship disturbance is shown in Fig. 6. The

subroutine ADERIV for NA 1 to implement eq. (70) requires only one line of

- 

- 

executable code yDoT(l)=l. A listing will not be included here. There is no

need to prepare the optional subroutine ACALC for this simulation.

The SHIPSIM input data set for a simulation of the tanker beginning with

zero initial conditions and then sailing past a ship at t’ 7. is shown in

Fig. 7. This data should be reviewed in conjunction with reference to

- - Appendix A User ’s Documentation for SHIPSIM. Three integration segments

are utilized to obtain more closely spaced printed output over the interval

4 0St’~ 9.O where the disturbance occurs. The Euler integration step—size

is 0.005 t’ units (time to travel one ship length, t’ t/U). Printed output
- 

of i,’ , r ’ , B’ , ri ’, 6’, 4k ’ , 
~~~

‘ , ~~
‘ , and X ’ are requested. Plots of Y) ’ , N’ ,

— — I p ~~
__ —~~~~~~~ —~-—~~ ——~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~ -~~ ~~~--— ~ - - ——————
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> I IUS8~~JTINF l,y cyR~ ( T.x . u , wn.Nco)
> 2 1~~ L3CIT IEM$R ~~-N.O-$)
) 3 DIM€NSX C1N W ( ? ) . X ( ~’Il> 4 DIMENS ION TN (1 .CN (4 .t’).TY (1~~),CY (1.t2)
> S DATA TM/-o.2r1.-o .15F1.-0.1?~Ci.-o.1oFl.—o .9Eo .-o .5Fo .

• > 6 * —O.1tO.0.2F0,0.4F0.O .,FO .0 .icFO.O .1Fj,0 .15F1/
> 7 DATA TY’—0.2F1 .- - o.,~ Fl.-O.1 OT1 . - O . ro,—o.coro ,—o.—~~0.
> 5 $ 0.01O.O . ( O , O . 5 0 F O . O . 7 O ( O . 0 . 9 O F O . O . i 2 !~E j , O . l ! ~E j /
) DATA ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
> 10 $ +0.47527E-4.+0.!~R7i9F-3,+0.3 4~E—4.40 .O3’r39E—4.
> *1 $ +0.5fi739f—3,-O.4 0QF— ~ .+0.Ri’RRF-4.4O.319~ lE— 3,
> 12 S —0. I1O O 7F-2 .— 0 .S409~~ -7 ,4O.R11R0 F- ~~.+O.9! 4 1OE— 3 .
) 13 I — O .1 35? 4 r— 2 .+o. 3 79Rw— 3 .+ o . 4 4 E , r — 3 . — o . —,7 77 r—3,
) 14 5 + 0 . 3 ’ 9 8 3 F — 3 . + O . 5 0 8 — 1 , — O . ’? 7 ’ 7E—3 .—O .59030E— 3,
) 15 $ •0.66’ I6E-3,~ 0. 53 F-7,-0.7~689F-3.-0.6~ 7R’F —3 .
> 16 * +0.26308F-2. -0.763 F-4 .-O.R F--~ ,+0.3&r9F—5,> 17 $ —Q.1526~Z-3.-O .*4~07E- I .4O .1 65E-~ ,4o.94,co7I- —3 ,
) IS S —0 .14607(-1 .-o .Ia179F—:’.+n .R46071—3 .+0.81418F—3,
) II $ —0.35447F—3,+0. 664F-3,+O. 677E-3 ,40.1’1~18E—4.
> 20 S •0.1a931E-3,—0.146 E—4 ,—O .7377~E—~ .4 O.~ A .~3RE—5 /
> 21 DATA CY/—0. 66~67E—4 ,-O . ’7267E—4 .4O.1~~ 9?F—4,—0.33183E—4,
> 22 $ —0.27267E-4.-O.304~ 7F-~ ,—0.~ 31S1E—4.—O.I~~ 86E—3,
> 23 * —0.609t3E-3 ,+O.24R39E-?,-0.36I93E—3,-O .79~24F—3 ,

24 $ +0.24839E—2.+0.47536E—?.—0.79~~’4F—i.—o .2971oF—3,> 25 * +0.4753AE-2.—0.6t38~r—2, --O .2971oE-3 ,4o.19R37F—2 ,
- L- > 26 * —o.o13e5c-2 ,-o.o79e3~ -3.~ 0.19aJ7t~--2,+o.;9/.~~E— 2,- 

- > 27 * —o.67983,-3.—o.13022r .+o.196 ’sr-2,.o.16864F- ’,
> 25 * —0.13 R22E— ?,—0.  14 71  ‘F-2 .+O .16861E-?,+Q.139195F—3,
) 2~ * —0 . 1839 0 F —~~•+0 .~~4 3 5 3 E — 2 . + 0 . l O 7 ~ 6 F — ? ,— 0 . 7 1 7 4 1 E — 3 .
> 30 * +0.54~ 53E—2,+0 .97A85E-4 ,-0. ’ 174IF--3 .-0 . ’O391E-3 ,
> 31 * +0.55 0E—4.+0 .148A 9~ — 3 , — 0 . I 7 1 t 7 E - - ~ .— 0 .753 R7F—4 ,
) 32 * +0.20844E-3, —0 .744 22E-3 .-0 .93028E--4, +0.46514 E—4/
) 33 1P 7.
> 34 IF (T.L.T. TP+ IN(1>)  GO TO ~0
> 35 IF (T.OT .TP+TN(13 ~~ 00 TO 30
> 36 K i
> 37 *0 CONTINUE
> 38 IF (T.GE .TP+TN(K) .AND.T.LE.TP4TN K+1 )) GO TO 20
> 3~ K— K+ 1
> 40 OO TO IO
> 41 26 CONTINUE
> 42 MN— CN(1,K) * (TP +TN ( K+ 1 )—T )x * 3+ CN(2 .K )* (T— T P--rN (tc ) ) * * 3
> 43 * +CNC3 , K ) S (T P+ IN( K+I )—T )+C N(4 . K) * (T —TP —TN ( K ))
> 44 00 T0 40
> 45 30 CONTINUE
> 46 MN—0.
> 47 40 CONTINUE
) 48 IF (T .LT .TP+TY (i)) GO TO 70
> 4T IF CT .GT .TP +T Y ( 13~~

) 60 Tfl 70
> 50 K—i
> 51 50 CONTINUE
> 52 IF CT .OE .TP+TY(K).ANO.T .tE.TP+TY(K+1)) Gfl TO 60
> 53 K—K + i
> 54 00 TO 50 -

> 55 60 CONT SNUE
> 56 W Y — C Y ( i , K ) * ( T P+ T Y ( K + 1  ) — T ) * * ~ .ry (~’ , K ) * ( T — T p — T Y c I ~))**3
> 57 * +CV (3 ,K )* (TP+TY(K+fl—T )4CY (4 .K )* (T—TF—TY (1C))
> 58 00 T6 80
> S~ 70 CONTINUE
) 60 WY — O .
) 61 80 CONTINUE -

> 62
> 63 W ( 2 ) — W Y
> 64 RETURN
> 65
SEND OF FILE
S

Figure 6. Subroutine DISTRE for Passing Ship Disturbance

• 1 3 1.5
T—M, N OI SE, PASSI M G SH I P , H/T l.89 .OVTIMAL, SHAPING FIL TER
PSI PSIDOT BETA ETA DELTA P S S
ETA S DELTA S N B YB X
I I I.• 0 .5 0.5 I.. 0.5

... ... ... ...
WONt 

PSIDOT BETA ETA DELTA PSIS M S YS
ETA DELTA MS

1 4 . 5  .1151 0.5 5.1
1 9.5 .5055 0 .1 I i  -

1 31.1 .5055 • .S •.i

Figure 7. SHIPSIM Input Data Set for Example Simulation
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and 6’ are requested using a scale factor SF=l.O to produce 8-l/2”x].l” CALCOMP
plots. The OPTSIM input data set for the simulation is shown in Fig. 8.

This data should be reviewed in conjunction with reference to Appendix B
User ’s Documentation for OPTSIM.

‘I
• 1

5 1 3 2 1 1
I.5E0 1.SEO 0.010 0.010 0.010

•.0 —0.176571+01 ~J .513S9E.0l ~).0 —0.880741+30
5 .0  I .17 l99E+00—3 .S2766E+~~ LI — 0 . 1 5 6 0 7 1+3 3

1.OtI 0.010 —1 .010 0.010 0.010
5.0€. 0 .018 0.010 0.0E0 —0. 43910
S .OEI 1. 0E0 0.010 0.0€.  0.010
0.010

P.S —0.176571+01 0.573591+01 0.0 —0.880741+00
—0 .500431+01

5 .5 0.171991+30—0. 52 166 E+03 3 .0 —0 .15607E +00
—0 .28233 1+02

1.5C0 0.810 —L.O EO 0.010 0.010
5 .0€,

0 .010 0 .010 0.010 —0. 439E0
0.010
e..€e 0 .0c0 0. 010 0.010 0.010
0.010
8.010 0.010 0.010 0.010 0.010

—1 .010
S.IEB 0.010 0.010 0. 010 0.439 10
0.010 0.010 0.010 0.010 0.439 10
0. OEO

7 .7462 11+00 4 .623701+00 1. 700091+01 2 .42523 1+00—4 .713201+00
—2.257971+02
1.0 0 .0 0 . 47 7 68 E+03—0 .500 43 1 +01 0.2 114 1E+02
5 . 0  0 .0 0 .0  0 .0

1.0E1 0. 010 0.010 0. 010 0 .010
1.010 0.010 0. 010 0. 010 0.010

1.010 0.010
1.010 0 . 010 0. 010 0 .010 0 . 013
3.010 0 .010 1.013 0 .010 0 . 010
0.010 0 . 010 0.018 3. 010 0. 010
0.010 0 . 010 0 .010

2 . 18863 1— 3 1 1.00536 1 +00 1 . 4261 01—0 3 4 . 8 3 5 8 7 E — 0 2  3 .29596 1+01
1.544 191—02 1. 0 8 0 9 1 E + 0 1 — 3 .4 2 4 1 8 E— 0 1  1 . 3 9 17 0 C — 0 1 — 5 . 1 5 9 3 3 1 - ’ - 2 3
0.1 0 .0 0 . 0  — 6 . 9 4 6 1 3 1 — 0 4  1.122921+00

—6.313 5 2 1—3 4 — 5 . 93 534 1— 3 1 6 .63869 1—0 3
1.05411—2 2 .31161—3 1 .04131— 1

Figure 8. OPTSIM Input Data Set for Example Simulation

The printed output from the simulation is shown in Fig. 9. The output

consists of the title printed by SHIPSIM, input verification of the OPTSIM

input data produced by subroutines INPUT and INPUT1 in OPTSIM, input verifica-
tion of the SHIPSIM input data, and then the actual simulation results. The

plot output from the simulation is shown in Figures 10, 11, and 12. These

plots are reduced here in size from the 8-l/2” xll” plots actually produced
by the CALCOMP plotter. Figure 10 shows effective control system response

to return the ship to the desired path (~~‘=O) following the disturbance

I ~~~~~~~~~~~~~~~~~~~~~~ ~~~—~~~—~~ —-~~~ ~~~ —-—- -~ - -—~~~~~~~ —- -- ~~~~~~~~~~~~~~~~~~~~~~~ —•~~ —--S-——— - ~~~~~~~~~~~~~~~~~~
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~1

caused by the ship passing at t’ 7. The maximum lateral offset is about 19

feet full scale. Figure 11 shows the estimate of the yawing moment distur-

bance ~~ ‘ produced by the Kalman-Bucy filter. This can be compared with the -

actual disturbance produced by DISTRE as shown in Figure 5. The validity of

-

- 

- using first—order shaping filters to produce design disturbances which model

this type actual disturbance is confirmed by a detailed comparison. Figure 
-

12 shows the rudder usage during the simulation. Maximum value is about -

40~ The cost of this simulation run was $3.07 with an additional $1.86 for . 
-

the three plots .

______________________________________________________ ____________________________________________ - 
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VI. Closure

P 
The SHIPS.tM/OPTSIM program used in conjunction with the OPTSYS program

- 

.- provides a useful and efficient design tool for the development of optimal

stochastic control systems for stationary, linear systems. The SHIPSIM

• - 
program used alone provides a useful continuous system simulation program

- 
- with a wide range of applications. The program provides a compromise between

- writing simulation programs from scratch using existing integration subroutines

and using higher-level, problem—oriented simulation languages such as IBM s

-
~ CSMP. Both these programs can be utilized with a minimum of user progranining

and data preparation .
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Appendix A: User ’s Documentation for SHIPSIM

UNIVERSITY OF MICHIGAN

DEPARTMENT OF NAVAL ARCHITECTURE AND MARINE ENGINEERING Rev. 2
— 5/27/77

• IDENTIFICATION: SHIPSIM Program

PROGRAMME R: Ass’t. Prof. Michael G. Parsons and J.E. Greenblatt of the
University of Michigan , Department of Naval Architecture and
Marine Engineering , under ONR Contract N000l4—76-C-0751.

PURPOSE: This continuous system simulation program integrates a system of
up to 25 first—order differential equations. Flexible input,
output, and integration control is provided. Up to five auxiliary
quantities may be computed and displayed with the integration
output. The system definition and auxiliary calculations are
handled through user-supplied subroutines. Integration methods
available are a fixed step—size Euler or rectangular integration
and a fourth-order, variable step-size Kutta-Merson integration
with optional absolute and relative error control. Integration
method and integration and output control parameters can be changed
at up to four user-specified points within the integration. The
integration can be teri-ninated based on the value of the independent
variable or based on the value of one of the integrated dependent
variables.

METHOD:

References: 1. Fox, L., Numerical Solution of Ordinary and Partial
Differential Equations, 1962, p. 24.

2. MTS Volume 11: Plot Description System, University of
Michigan Computing Center, 1971.

3. IBM System/360 and System/370 FORTRAN IV Language, IBM
Manual Number GC28—65l5—lO , May, 1974.

The only computational function of SHIPSIM is to integrate a set of
NEQ (~ 25) coupled , first—order differential equations,

NEQx1

Y(t) = f(~ ,t) , Y (t0) =

from an initial condition through time and to perform a set of NAC (~ 5) auxiliary
calculations ,

NACx1
z(t) = a(7,t)

J 

at each program output point . The integration can be performed using a
rectangular or Euler integration or using a Kutta-Merson integration technique .
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Euler integration gives the value of Y at time t+~t as,

Y(t+At) = Y ( t )  + y(t)*t~t

i.e., it evaluates the derivatives once at time t and assumes them contant
over the integration step tat. Euler integration is thus very simple and
efficient. For processes with generally small and/or smooth variations in
Y it can yield acceptable answers when a suitably small integration step-size,
t~t, is used. When the step—size is too large it is possibl e f o r  the integra-
tion results to completely diverge from the correct results. Euler integra-
tion can also successfully handle discrete changes in Y when L~t is kept small.
If Y experiences large and rapid changes in magnitude , the acceptable value
of t~t may be so small that excessive CPU time will be needed to complete the
integration. The integration step-size used in a region where Y changes
rapidly would be very wasteful if also used in regions where Y changes more
slowly. For this reason (and to facilitate variations in output), SHIPSIM
allows a specific integration run to be specified with up to five integration
segments each with a separate integration method and/or step-size. Euler
integration has the disadvantage that the error of the integration results
is umknown. It is therefore essential to perform test integration runs with
a reduced step-size to verify that the results are acceptably accurate.

Kutta-Merson integration1 is much more complex than Euler integration
but provides a dynamically varying integration step—size which is automatically
doubled or halved as necessary to produce guaranteed, user-specified absolute
and/or relative error in the results. This step—size will be short where Y
changes rapidly and much larger where Y changes more slowly. There is much
more computational overhead than with Euler integration but guaranteed error
is provided and the integration step—size is never any shorter than necessary.
Improved integration cost is thus possible in some cases. A major problem
with Kutta—Merson integration is that it may be very difficult to meet the
specified error limits (particularly at points where Y is discontinuous in
value or slope) without shortening the integration step-size to the point where
excessive CPU time i~ used. To protect against excessive reduction in step-
size without user interaction to relax error specifications, SHIPSIM includes
capability to limit the number of times the initially specified step—size will
be automatically halved (cut). If this number of cuts is exceeded, the integra-
tion is terminated an~ an error message is printed. Kutta—Merson integration
is able to predict the integration error by evaluating the derivatives at five
points in each integration step as compared to Euler integration which
evaluates the derivatives only once for each integration step.

PROGRAM DESCR1PTION: The basic organization of SHIPSIM is shown in the
following macro flow chart which includes only the principal SHIPSIM sub-
routines:
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The MAIN program r~gu1ates the integration and controls output processing.
User-su~plied , double-precision subroutines, INPUT , DESIV , and ACALC define
the system and any auxiliary calculations of interest. Subrouting PRINT writes
the requested simulation results. Subroutine PLOT prepares a plotfile which
can be used for subsequent generation of CALCOMP plots of selected simulation
results. Subroutine LIMIT checks integration progress and terminates the
run if an element of I reaches a user—prescribed value. Subroutines EULER
and KUTTA-MERSON conduct the requested integration.

USER-SUPPLIED SUBROUTINES: The following user-supplied , double-precision,
subroutines should be compiled and then loaded into an object file(s) which
can be referenced on the MTS RUN command .

Subroutine INPUT is called once at the beginning of a simulation run to
read any needed problem dependent input on logical I/O device 5 and to trans-
mit this data to the other user—supplied subroutines. It must also return
the number of equations to be integrated (NEQ) to the main program. Input
should appear as follows:

SUBROUTINE INPUT(NEQ, *)
COMMON/MODEL/... (data transfer to DERIV and/or ACALCJ
READ (5 , 1OØ ,ERR=2OØ)NEQ

100 FORMA T( 12)

code to read any problem dependent input

RETURN
200 WRITE(6,2lØ)
210 FORMAT(’-ERROR IN READING NEQ’)

RETURN 1
END
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Note the following points:

1. NEQ could be assigned a value, thus avoiding a READ and FORMAT
statement and the associated input data.

2. Transfer of variables between the user-supplied subroutines must be
by labeled COMMON . The label name is optional except that COM1, COM2,
and OUTPUT must not be used.

3. An error in reading NEQ causes the printing of an error message
and program termination in the main program.

4. Input verification for the model dependent input may be included
by coding the appropriate WRITE statements within INPUT. Any output
produced by INPUT will appear after the program title in the SHIPSIM
output stream.-

5. INPUT could also perform any needed initialization since it is only
called once at the beginning of each simulation run.

— Subroutine DERIV is called at least once each integration step from
whichever integration subroutine has been selected. At each call DERIV must
return the first NEQ elements of dY/dT through the vector YDOT, given the
values of T and I. DERIV should appear as follows:

SUBROUTINE DERIV(T,Y,YDOT)
REAL*8 T ,Y ( 2 5 ) , YDO T(25)
COI!tIMON/MODEL/... [data from INPUT)

code to define first NEQ elements of YDOT

RETURN
END

Subroutine ACALC is an optional subroutine which is called as needed at
each print or plot point to calculate up to five non-integrated auxiliary
variables,

NACx1
z = z(Y,T) .

This subroutine is called only if a number of auxiliary calculations are
specified by the input variable NAC>Ø . All NAC elements of z will automatically
appear in the SHIPSIM printed output. If NAC=0, the user can call a ~ummy
subroutine as part of the MTS RUN command as described below and there is no
need to write ACALC. When NAC>O , ACALC should appear as follows:

SUBROUTINE ACALC (T ,Y,Z,NAC )
P,~~J~*8 T,Y(25), z(5)
COMMON/MODEL !... [Parameters from INPUT ]

- t code to calculate first NAC elements of z

RETU RN 
. 

-
END
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OUTPUT Options: Three output options are available. Printed output is
written on logical I/O channel 6. Format may be selected by the input
variable lOUT. If IOUT=l, up to nine quantities plus the time are printed
in tabular form across 120 columns, for each integration output point.
These nine quantities are the NAC elements of z preceeded by up to any
(9-NAC) elements of Y. The elements of Y must be specified by the input
vector CPRINT. If IOUT=2, output is given in a vector format. All NEQ
elements of Y and the NAC elements of z are printed.

SHIPSIM will also generate a plot file for MTS graphic post-processing
if the input variable PLN (number of plots) is greater than zero. Use is
made of the MTS plotting subroutine library contained in *PLOTSYS.2 Variables
for which plots are desired must be specified by the input variable CPLOT.
The plot time increment PLD should be selected to give no more than 300
data points per plot.

USER’S INSTRUCTIONS: As described above, the MAIN program reads various
simulation specification and control input in addition to the input which is
brought in by the user-supplied subroutine INPUT. All MAIN program input is
read on logical I/O device 4. Initial runs must be specified by a complete
set of fixed-format input data as specified below. Subsequent runs may be
specified either by inputting a completely new set of fixed-format data or
by changing only specific values in the data for the previous run by using
free-format NAMELIST data sets.

The data sets for multiple simulation runs would be read in the following
sequence:

1. a complete set of user ’s problem dependent data for subroutine
INPUT on I/O channel 5.

2. a complete set of SHIPSIM data on I/O channel 4.

3. SHIPSIM input NEXT on I/O channel 4.

4. if NExT=l, SHIPSIM NAMELIST data; existing model dependent data will
be reused

if NEXT=2, SHIPSIM NAMELIST data followed by new model dependent
INPUT data

if NEXT=3, SHIPSIM fixed-format input data; existing model dependent
data will be reused

if NEXT=4, new model dependent INPUT data followed by SHIPSIM fixed—
format data

if NEXT=5, new model dependent INPUT data only
5. a new value of NEXT for third run, etc.

Fixed-format SHIPSIM data consists of the following in the specified
sequence including only those required:

I 
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Record Variables Format Comments

1 NIS IS Number of integration segments
Ø<NIS~ 5

NAC 15 Number of auxiliary quantities
Ø�NAC�5

lOUT IS =1 for tabular output
=2 for vectorial output

PLN 15 Number of plots desired Ø�PLN�9
SF* D1Ø.4 Scale factor for plots. With SF 1.Ø,

plots are 8—1/2” x 11”. Ø<SF�l.Ø
omit if PLN=Ø

2 TITLE 9A8 Any 72 character user’s title for
printout and plot labeling

3 YLABLE 8(A8,2X) Labels for NEQ elements of I
repeated as

______________ 
required

4 YØ 7D1Ø.4 Initial values for I.
repeated as
required

5 YTEST A8 Name of Y variable to be tested for
- :  limiting value. The first time the

limiting value is reached from
either direction the run stops . If
no limiting value is desired enter
“NONE

— YTERN* D1Ø.4 Limiting value of YThST. May be
omitted if NONE is entered for YTEST

6* ZLABLE (A8 ,2X) Labels for NAC elements of z. This
record should be omitted if NAC=O.

H 7* CPRINT 9(A8) Names of Y variables for which
printed tabular output is desired.
This record should be omitted if
IOUT 2

8* CPLOT 7(A8,2X) Names of I and Z variables for which
plots are desired . The number of
names must equal PLN . This record
should be omitted if PLN=Ø. 

~~~~-~~——~~-~~~. - ---- - - ----
,
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Record Variables Format Comment
- 

- 
Type

9 METHOD IS Integration method:
repeated =1 for Euler
NIS times =2 for Kutta—Merson
defining TF D1Ø.2 Termination time for the integration
each inte— segment.
gration FIRSTP D1Ø.2 Initial integration step size
segment pp~~ D5.2 Time increment at which printed out-

in succes- put is desired
sion. Eaci PLD D5.2 Time increment between plotted pointr
input van - EPS* D1ø.6 Relative error limit for Kutta—Mer—
able is a son integration. Omit if METHOD=l
vector NIS AB* D1Ø.6 Absolute error limit for Kutta—Mer—
long, son integration.

- - Omit if METHOD 1
NCUTS* 15 Number of times the integration step

size may be halved during Kutta-
Merson integration. A value of 20
is suggested. Omit if METHOD=l.

10* NEXT Ii input switch for next run . Omit if
no further runs are desired.
NEXT=l, SHIPSIM NAMELIST data on

I/O channel 4; existing model
dependent data will be reuse

NEXT 2 , SHIPSIM NAMELIST data on
I/O channel 4; new model
dependent data for user ’s
INPUT subroutine on I/O
channel 5.

NEXT=3, SHIPSIM fixed-format input
on I/O channel 4; existing
model dependent data will be
reused .

NEXT=4, new model dependent data for
user ’s INPUT subroutine on
I/O channel 5; SHIPSIM fixed—
format data on I/O channel 4

NEXT=5, new model dependent data for
user ’s INPU T subroutine on
I/O channel 5; existing
SHIPSIM data will be reused .
INPUT data only .

I
* These records or variables may be omitted under the specified conditions.

For runs where the NAMELIST input option is specified , (NEXT=l or 2) the
data should consist of one (or more) li nes of the form,

A-7 
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column 2

- - &DATA TF(2)=2Ø., PRD(2)=1.Ø,
METHOD(2)=2, &END

If all changes can be made on one line MTS permits the omission of the &DATA
and &END delimiters. The user should review the use of NAMELIST in the IBM
FORTRAN IV language manual.3 Note that any variable input as an alpha-numeric
string must be enclosed in apostrophes, as:

CPLOT (1) = ‘VELOCITY ’ ,

Both the Euler and Kutta—Merson integration subroutines are called several
times within each specified integration segment. Each call specifies an
integration interval equal to the smaller of the printing interval PRD and the
plotting interval PLD. If the smaller of PRD and PLD is not an integer
multiple of FIRSTP the output may be shifted slightly from that expected when

- 
- Euler integration is used. Further, if the final time for this segment (TF)

- - is not an integer multiple of the smaller of PRD and PLD, it also will be
shifted slightly by the program. The larger of PLD and PRD must be an integer
multiple of the small of these two quantities. For best results, the smaller
of PLD and PRD should be an integer multiple of FIRSTP when Euler integration
is specified. With either integration method , TF and the larger of PLO and
PRD should be an integer multiple of the smaller of PLO and P1W. The following
specification would thus be consistent: FIRSTP O.O1, PRD 1.O , PLD 5.0, TF 100.0.

- - MTS RUN INFORMATION: Object code for SHIPSIM is currently in file SGTA:SHIPSIM.O
(subject to change, see Prof. Michael Parsons). If no auxiliary calculations
are required object code for a dummy ACALC subroutine is available in file
SGTA :ACALC .D. A run using this dummy subroutine would be initiated with the
command :

$RUN SGTA:SHIP5IM.O+SGTA :ACALC.D+*PLOTSYS+ (user ’s INPUT and
DERIV object file) 4 (user’s SHIPSIM data file) 5=(user ’s
INPUT data file) 9 (user’s plotfile)

H 
If no plots are required (PLN=Ø), device 9 may be assigned to *DUMMY*,

If plots are required each one will require approximately three pages of file
space and cost approximately $.6S. If a CALCOMP plot is desired the following
commands could follow.

$ PERMIT (User ’s plotfile) READ OTHERS
$ RUN *CCQUEUE PAR= (User ’s plotfile)

For a description of *CCQUEUE see MTS volume 11.2 The plotfile can be examined
on an interactive graphics terminal by issuing the following command :

SRUN *PWTSEE

and then responding with the user ’s plotfile name.

If a large amount of printed output is anticipated , the SHIPSIM printed
output channel 6 may be assigned to the high—speed line printer *PRINT* or
to a user file for later copying to *PRINT*.
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EXAMPLE PROBLEM: The following problem illustrates the use of SHIPSIM to
simulate the straight line crash stop of a gas turbine powered escort
vessel with a controllable pitch propeller. Suppose we wish to investigate
the effect of a throttle application ramp on engine and shaft torque and
stopping distance.

Our simplified ship model has the following characteristics:

M = 4000 L.T. = 8,960,000 ibm .

M0 (added mass) = 8%

~e 
(engine inertia) = 108 ,864 lbf—ft—sec2

+ J0 (propeller inertia plus added inertia) = 50,000 lbf—ft—sec2

V0 - 
= steady—state ahead speed

= 25 knots = 42.225 ft/sec
fr N~0 = steady-state shaft speed

= 4.16667 sec~-

= wake fraction = .06
t’ = thrust deduction = .10

~r = relative rotative efficiency = 1.0

D = propeller diameter = 13.37 f t .

DAR = developed area ratio = .70

P = pitch/diameter, —1 .0 � P � 1.4

P = pitch/diameter change rate = 0.1 sec”-1

Machinery characteristics are:

drive train frictional torque = —3% of Qe
TB = throttle, .18 � TH � 1.0

Engine torque characteristics are given by

-~~ -~~ = (— .2928 TM2 + .16260 TM - .01332) {2__~-~.} 
- 0.20Qeo Neo

The normalized equations of motion are:

* = (v0/x 0) ~

~~ Tpog~ 
[~~~~~~~~ . ‘2

J(M+M0)v0 
V
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N = 21T (Je+Jp+J0)N 0 
I~ e+~p-~F]

where ,

v0 = normalizing value of ship velocity
= 42.225 ft/sec

x0 = normalizing value of head reach
= 1000 f t .

Tpo = normalizing value of propeller thrust
= 180,055.7 lbf

Qeo = normalizing value of engine torque
= 625,580.6 ft. lbf.

N0 = normalizing value of shaft revolution rate
= 4.1667 sec’1

* = normalized ship position

* = normalized ship velocity

= normalized shaft speed

= normalized propeller thrust

Qe = normalized engine torque

Qp = normalized propeller torque

Q~~~ 
= normalized frictional torque

The user-supplied subroutines INPUT, DERIV, and ACALC are shown below.
These subroutines were compiled and loaded into file PS8.0. Subroutine
CRPROP is an external subroutine which returns propeller thrust, torque, and
efficiency given speed of advance, rotation rate, wake characteristics and
propeller geometry. Subroutine CRPROP will not be listed here.

SUBPOUT IN L IN P UT (NE Q, ’)
IMpt~IC:T ReAL.~8 (A—H ,O— S)
COMPION/MODEL/PZ , S
READ (S,1~ d ,ERR .15P) P2, S

ill FORMP~T(2Di5.9)W RITE (6,11S) PZ , S
110 FORMAT (’—L NPJI ICRIFICATIOI: STEP.DY STATE PITCH— ‘ ,

• D(THRO-rTL~ )/D-i— ‘ , F6. 4 )
NEQ 3
RETURN

150 wRITE~6,16J)160 PDRnA?(’  ERROR IN READING PZ OR S )
RETUR N 1
END

C
C

SUBROUTINE DERIV (T ,T. Y DOT )
IMPLICIT REAL’8 (A—II ,O— S)
COMMO?I/MODEL’PZ . 5
DIMENSION Y(25~ ,YDOT (25) -

C
C CALCULATE PITCH ~OR CRPRO P
C

H IF CT .LT . 5.)  P P Z
I? (5. .1.1. T .AISD. ? .L.T . 26.5 )  P— P1—0 . 1 (T — 5. )
I? (26.5 .1.6. T) P——i l

C
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C OBTAIN NORMALIZED PROP THRUST AND TORQUE
C

CALL CRPRO P ( Y ( 2 ) ,Y ( 3 ) . P , . 7’) 30 , 0 , 0 , I , TPN .QPN . EFF O . - -

• A.B .C.D.E.F.1. 9900) , 1 .3 37 1 3 1. 0.9 0 0 0 .0.94000 .
* 6 .2536tD05 .1 .80003T ø5 ,4 .222 S~~~1 .4 . 16 555666 7033 )

C
C CAL CULATE EN~~I~~E THRUST ( T E N )  AMO THROTTLE (T H)
C

IF CT .111. 5.) TH=1.0
IF (5. I.E. T .AND. T .LT . 16 .5 ) TH~~.18
IF (16.5 .LE . T) TH_ ø .18+S*(T_ 16 .5)
IF (TN .GT. 1. 3) TH~~1.Ø
QEN (_ .2 9 28 * T H * * 2 + 1 .6 2 6 * T H_ ø . 13 3 2 )  * (2 . 3—? ( 3 ) )  —3 .2

C
YDOT (1).0.342225 *Y(2)
Y D O T ( 2 ) * 0 . 0 14 18 49 * ~r?,~

_ y ( 2 ) * . 2 )
Y D O T ( 3 ) * 0 . 1 5 0 2 6 7 3 S 4 * ( ~~~~J 4 3 .97*~~E N )

• RETURN
END

C
C

SUBROUTIUE AC AL C (T ,Y ,Z ,NA C)
IMPLICIT REAL*8 (A — H . O—$ )
COMMON/MODEL/PZ ,S 3DIMENSION Z ( 5 ) , Y ( 2 5 )

C
• C CALCULATE PITCH FOR CRPROP - -

C
-~ 

- IF CT .LT. 5.) P P Z
IF (5. .LE. T .AND. T .LT . 26.5) P_ P Z_ 0.1 * (T_5 .)

- 
- IF (26.5 .LE . TI P*—1.0

C
C OBTAIN NORMA L IZED PROP THRUST AND TOROJE
C

CALL CRPROP(Y (2),Y(3),P ,.7oO0 .O ,O ,g .Tp ~~,QpN ,CFpo,
* A . B . C . D . E , r ,1 . 99O 0 0 .1. 137 n1l.3 q

~~ I. o . 9 4 oø0 .
* 6 . 2 5 3 6 1 0 0 5 . 1 .800 0003 5 ,4 . 2 2 2 5 D 0 j , 4 . 1 5 5 6 6 6 6 6 7 0 0 0 )

C
C CAL.CULAT E ENGINk ~ THRUST (TEN) A 9 0  THROTTL’~ (T N)
C

IF  (T .LT . 5.) TH—1.0
IF (5. LE. T .AND . T .1,1 . 16 .5 ) TH~~.1B
IF ( 16 . 5  .LE . TI T 4-i~~’ .1S + S ’ ( T — 1 t j . 5 )
IF (TN .c-r . 1 .N) TH*t.~) -QEN.(_ .2 9 2 5 * r i l * * 2 +1 . 6 2 6 * v j _ a . 1 3 3 2 ) . ( 2 . 3 _ ? ( 3 )  )—~ .2
1 (l)— P
Z ( 2 ) ’ T N
Z ( 3 ) — Q E N
Z ( 4 ) — Q P~l
RETURN
END

The data for SHIPSIM , shown below, calls for plotting of shaft speed and
thr~j ttle in the first run. For the second run (NEXT=2) SHIPSIM NAMELIST input
alters the title, eliminates plot generation , and changes lOUT to 2 to produce
the vectorial form output. This data was loaded into file D4.

2 4 1 2 1.0
• CRASH STOP SIMULATION: IDLE TO FULL THROTTLE IN 20 SECONDS

ADvA :.CE V E L O C I T Y  SHAFT N
0.0 1.0 1.0
VELOCITY ‘0.001

P I T C H /D THROTTLE ENGINE Q PROP Q
ADVAI~CE VELOCITYSHAFT N
SHAFT N THROTTLE

1 30. 0.1 1.0 1.0
1 60. 1.0 1.0 1.0

2
~DATA TITLE ’CRASH STOP SIMULATION : IDLE TO FULL. THROTTLE IN 10 SEC ,

PIN-I , IOUT.2, &END

A-il
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Data for subroutine INPUT consists of two lin es, on~t for each run. The
first value (PZ) is the steady—state ahead pitch. The second (S) is the —

slope of the throttle return ramp. This data was loaded into file D5.

1.14778 S.141D11
1.14778 I.082D11

The program output follows.

•RUN SHIPSIM.O+PBR .O+CRPROP .fl+*PLOTSYS 4—04 5=05 9.pl fllFT ( 1

•EXECUTION BEGINS

UNIVERSITY OF M ICHIGAN DEPARTMENT OF HAV A ~ AR (.HTTFt TIIRE ~HD MAR IN I ENRTNFFRING

SHIPSIM CONTINUOUS SYSTEMS SIMULATION PEnORAM

INPUT VERIF ICAT ION: STEADY STATE PITCW I.14R III THRflTTI F)/ IJT— 0.0410

CRASH STOP SIMULATION : IDLE Th FULL THROTTLE IN 20 SECONrIS

$ * * VARIABLES AND INITIAL VALUES :

ADVANCE — 0.0 VFLOCTT Y = O .IOOF+O1 SHAFT N = O .IOOF+A1

* * $ AUXILIARY VARIABLE S I

PITCH/ti THHOTTLF FN III NF 0 PROP U

* $ * VARIABLES TO RE PRINTED AUVA NCE V FLOCI1Y SHAFT N

* * * VARIABLES TO HE PIO TIFD SHAFT N THROTTL E

8 S * LIMITING VALUE OF VE LOCITY JR — .1000E— 02

$ * * INTEGRATION CONTROL PARAMETERS :

SEGMENT METHOD TF PRO FLu ~~INSTP FF5 AR NCIJTS

I EUl ER 0..~Ofl0F+O7 O.I000F+O1 O.1OOO ~ +O1 O.I000 F+DO
2 EUl ER O.6000E407 O.I000F+O1 O. 000F.i) l O.I000F+O1

S * * INTEGRATION SEGMFN T I

TIME ADVA NCE VEl n(~I T Y  $HAFT N P T T r ~M, fl lHI~. i 1 I I F FNr.INF 0 PROP P
0.0 0.0 0.I000 F+Ot O.100cwfoI  n.I ISRF+O1 O.IO~~ )F +01 O. l 000F+Oi - .9,cQ7F+O0
O.*000E+01 0.4222E—Ot 0.1000F+0I O.l000i-+ oi O .i i4RF+~~1 O.I000F+* 1 O. 1 0C ) O F +O1  - .QAQR F+O O
0.2000E+OZ 0.S445!—01 0.l000f+OI 0.10UO~+O , 0.114H~+01 0.J000F4OI 0.9999F+DO ‘.969~ E+OQ

A— 12
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.1. %~~~~ •I 4 4 ) 4  • ) _  . l  0.)  I). I i)~li)I 4 , ) t 1. I • I l~~4 4 Ill ) f l )  14.11 4 0 4 I). 1)))))) 11)1 0..~~~~~I 11)4) . V~ • / ~~ I lull
(~.4~’’- .’4 4 0 4  Si. 1 - n - l  4 ) 1 )  0 . 1 1) 4 ) 4 5 4  4 )1 1 (4 .  4 4 . 4 4 4 4 ( 1 1  0. 1 14111  4 ) 4 )  0 .11)1)1)1 4 ) 5 1  0 . V ? V V 1  44 )4)  — .VAYVF4O()
0. ~• ) f l OF 4 . ~ 1 0 .~ ’ 1 1  V S .C. 0.1001)1 1-01 0. )  000F 44 ) 1 0 .114)1 )4111  0.1000) I I. I 0.9VV.’ I- +00 — . VAV9F +00
0.60001+01 O. ’3 1F+0O Ø . 9 9 A 1 400 O .9014F+OO 0.1.~4U ~lOl 4).INUUI-+00 — .:~‘.~‘IF-ol — .4491Vf 0O
O.7000F#ol O.?9~~~E+OO O.9Ré .IE+OO O .R41-1’.I~~0O O.94~ Hl-+(.O o.i.~o•5i- +.~o — .7;:-i4--01 — .1Vr 6F+OO
O.8000E+Ol O.3~ A~cE+O O O .9734F+00 0. • )4r 4~~ O .R4’bF fCS O P.1~~4 (.-Ul- +0O - .73H7l~—0i - .A1.) ’ F-OI
O.90(’OEfQI O .3774t+O0 O .9S87F4OO 0.RIN/P+l)0 1). 47)14- +l)O 0.11-0)01- +0)) — . 7 7 5 1F— O 1  0 .IN:40F—OI
0. OSiOE+O2 O ..:7~ F+OO 0.94~~7F+N) 0 .R’ll.F+OO O .A47UV-,00 0 .1 : - )’,OF+O() — .74~’1F—O1 0.A4HAF—O1
O .IIUC’E ,02 O.41’IV100 O.9~~~.F+00 0.R’9AF+.)1) ~ .~~47RI- +00 0.l$~0(W +OO — .2~~4 ,F—, )1  O .H? ~~7F—0l
0.17(,C-E 1-))2 O.4~~Th[4OO O .907)F+OO O.R ,91$-+uu 0 .4 4 ? P I fOC) 0.1HC•OF+O0 — . ‘~~92F—0I  O.HHA 5 E-O 1
0 .1300E +02  O.~~338f +O0 O .5R78F+00 0.R479F+OO O.~~47RF+00 O.1NOOF+O () — .77191—01 0.A9#.OF-DI

- 
- - 0.1400E+02 0.~~709F+O0 O .R470F40 () O .H c I V F+ 0 l )  O. ’ 4 , H f +0 ( )  O . I ROOF+OO — .77791—01 O.”9971-o1

0.1500E+02 0.440 11+00 0.84471+00 0.R4Rcl-+oO O.147 R1-+0O O. IRUOF+0C)  — . ‘7 ’91-01 — .7991F-0l
0.16001+02 O..~4:3E+OO 0.87091+00 O . R 1 . 1+00 0 . 4 7/ 8 1 - 0 1  0 .1RO( ) I -+ i ) l )  — .:‘~ .~~:)F-- O1 — . 1 074 4 F4 0 0
0.170~~E+ O O.6 7A~~F + O O O.79S01+O0 0 .R IOA F+00  — .~~77~ V --O1 0.7.~0 .F4O() O . 1~~ 1A F— 0 1  — .19801400
0.1800E+02 0.709441+00 0.76941+0)) O . / R 1~ ’1+1)O — .(

~~~‘~~~ +00 O.:’4P.~~+0() 0.9~~4~ F—.) 1 — . ‘944H1+o O
O .1900E+02 O .741A1+OO O.7471F+O (L O .4 9 .1+OO — .‘~~2f l+ o O  O.787 .F +fl.) )) .171-4AE+O() — .391-.A I-+0O
0.20001+02 O .7724Ff00 0.71481+00 O.7I4~ 14’0 — . -:‘~ +oo 0. ~F4-4o 0. 7M~/ . 1 - 4 0 )  — .4978F+00
0.21001+02 O.S (2 1 1 + O0  0 . 68 7 ’ E f O O  0.6780 1+04) — .4~.7 7 F4O O O.3h4~.F +4)() O.3S4401+OO — .590~ E+O0
0. 22001+02 0.113061+00 0.6~ 99140o O ..c414F+00 - .5S~’7F+0O 0.40 -..F40)) O.4494F+0O — .447 .OF+O0
0.23001+02 O.8’791+OO 0.441121+00 0.4404441+00 — .A3 ?2$E+OO O.4444 .)+00 0. ,448F+(>1) — .1i,16E+OO
0.2400E+02 O.8841E+OO 0.440721+00 0.(~744F400 — .7’.7.•1-+OO O .4UrW+00 0.64101+00 — .82701+00
0.25001+02 0.90~ 3E+0O 0.58771+00 O.~~4441F+0O - .R~177F+0O O.~~78~ E+0O 0.714491+00 - .1181141+00
0.26001+02 0.9334E+OO O .5582F+00 O.~~715F+OO -.9527C+00 0.5449514-00 o.niisr+oo -.9~ 3or+0o
0.2700E+02 0.95661+00 0. ~1~~4F+00 O.~~O3RF+00 — . 1000F+0I 0.44103F+0C ) 0.97261+00 — .94110C+00
0.2800E+02 0.9 7881+00 0.51401+00 O. ’019F+OO — . iooor+oi O .6S1~~F+O0 0.999441+00 — .91291+00
0.2900E+02 O .1000E+0I 0.49371+00 0.31751+00 — .10001+ 01 O.697~ F+0O O.lO444FsOi — .90711+00
0.3000E+02 0.10211+01 0.47401+00 0.51911+00 — .1 0001+01 0.73151+00 0 .11181+01 — .92131+00

* * * NTE GRA TION SEGMENT 2

TIME A1.VANCE VII fl1IT~ SHAF T N PTT IH/I) THROT T I F FNRT IW P PROP P
0.30001+02 O .1021E+O1 0.47401+00 0.539)1+00 — .10001+01 O.7115r +OO O . I 1 I B F + c SI — .97131+00
0.3100E+02 0.10411+01 0.45471+00 O.5/.~~/.F+0O — .1 001)14-01 0.77451400 0.1)4451+01 — .94651+ 00
0.37001+02 O .1060E+O1 0.4.3571+00 0.59171+00 — .100014-01 0.)3I5~.F4OO o.12ocr4ol — .98581+00
O .3300E+02 0.10751+01 0.414481+00 O.MRRF+O0 — .100014-01 O.fl54451+O() 0.17431+01 — .10331401
0.3400E+02 0.10961+01 0.19501+00 0.444181+00 — .10001+01 O.A9~ ’.F+0O 0.17781+01 — .10841+01
0.33001+02 O.1113E+O 1 0.17891+00 0.44ASIF+00 — .1000 1401 0.9’OSF+OO 0.1317F~~01 — .11351.401
O.3600E+O2 O.1129E+O1 0.35971+00 O./ ,RRRF4CI O — .I000F+Ol 0.97951+00 o.1345r+ol — .11041+01
0.3700Ff02 0 .11441+01 0.14011+00 0.70701400 — .1 0001+1)1 O .1001)F+1)1 0.13571+01 — .123 11+01
0.381)01+02 O .11SAE+O 1 0.320441+ 00 0.71911+00 — .1000F+Oj 0.10001 1-01 0.13171+01 — .1 762F+01
0.39001+02 0 .117211-0) 0.30091+00 0.77471+00 — . 1000F+0l 0.10001+01 0.13311+01 — .17741+01
0.4000E+02 0.11841+01 0.28131+00 0.77681400 — . 1000F#O1 0.10001+01 0.11781+01 — .17791+01
0.41001+02 0.Ii9~.F+O1 0.76191+00 0.77811+00 - .10001+01 0.10001+01 0.117441+01 — .17871+ 01

- 
- . 0.42001+02 0.12071+01 O .7477F+OO 0.778:41+00 — . 10001+0) o.:oc, F+oi O.1175F41)1 — .17841+01

0.43001+07 0.12181+1)1 0.27371+00 0.77911+00 — .1001F+OI 0.10001+0) 0.117~ F+))1 — .1 7861+01
0.44001+02 0.12271+01 0.20481400 O.7790F+OO — .10001+01 O .1000F+01 0.137~ F+O1 — .J2RRF+01

— - 
0.4500E+02 0.171441+01 0.18611+00 0.778441+00. — . 10001+01 0.10001+01 0.t37441+O 1 — .1790F+01

0.4600E+02 0.17411501 0.16751+00 0.77791+00 — .10001+01 0.10001+01 1).1376F4))1 — .17971401
0.4700E+02 0.17511+01 0.14891+00 0.77711+01) — .1001)1+01 0.10001+01 0.13781+0) — .1795E+Oi
0.48001+02 O .I257E+Ol 0.13051+00 0.774401+00 — .1 0001+1)1 0.JC100F+01 0.11791+01 — .17971+01
0.49001+02 0.1267E+01 0.11701+00 0.77481+00 - .10001+01 0.10001+01 0.13101+01 — .17991+01
0.30001+02 0.12671+01 0.9161E—01 0.77151+00 — .10001+01 0.1000F+0 0.13371+01 — .I30 1F+01
0.51001+02 O .1271E+01 0.75261—01 0.7271F+OO — .1000F+Ol 0.10001+01 0.11311+01 — .131)31+01
0.5200E+02 0.12741+01 O.5690E— 01 0.775)71+00 — .10001+ 0) 0.10001+01 0.13351+01 — .13051+01
0.51001+02 0.12771+01 0.3853F—01 0.7192F+00 — . 10001+01 0.10001+01 0.1137F+01 — .1306E+01
0.51001+02 0.12781+01 0.2015E—0t 0.71781+00 — .1000 1+01 0.10001+01 0.1339F+01 — .11081+01
0.55001+02 0.17791+01 0.17611—02 0.71641+00 — .10001+01 0.1001)1+01 0.43401+01 — .1309F+01
0.56001+02 0.1279E+01 — .1665E—01 0.71511+00 — .10001+01 0.10001+01 0.1342E+01 — .13101+01

VA I UI OF V F I I ) 4 . J y Y  NAN RIArH Ir , TH1- I TMIIINI, V AI I * 01 —0.1000O1)1 -—o:~
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PBS: PLOT DESCRIPTION GENERATIOW SEOINS 5*5

INPUT VER IFICATION 1 STEADY STATE PITCH— 1.14A D4THROTTLE)/DT. 0.0870

CRASH STOP SIMULATIONI IDLE TO FULL THROTTLE IN 10 SEC.

* * * VARIA BLES AND INITIAl- VALUES:

ADVANCE - 0.0 VELOCIT Y - 0.1001+01 SHAFT N - 0.1001+01
* I * AUXILIAR Y VARIA BLES

.0~
PITCH/Il THROTTLE ENGINE 0 PROP 0

S S * VARIABLES TO BE PRINTED: ADVAN IF vr) nr Irr SHAFT N

* $ * LIMITING VALUE OF VELOCI TY IS -.10001-02

* $ * INTEGRATION CONTROL PARAMETERS :

SEGMENT METHOD TI PEStS PS I) FTKS TP EPS All NIUTS

1 EUlER 0.30001+02 0.10001+01 0.10001+01 0.10001+00
2 EULER 0.60001+02 0.I000E+01 0.10001+01 O .1000E+O1

* * * INTEGRATION SEGMENT I

THE OUTPUT VECTOR IS ADVANCE VELOC ITY SHAFT N PIICH/D THROTTLE
ENGINE 0 PROP U

T= 0.0 0.0 0.10001+01 0.I000E+01 0.11491+01 0.1000E+01

- - 
0.10001+01 — .96971+00

T— 0.I000E+01 0.4222E—01 0.10001+01 0.10001+01 0.11481+01 0.10001+01
0.10001+01 — .9698E+00

T— 0.2000E+01 0.84451—01 0.10001 1-01 0.1000E+01 O .1148E+O1 2.1000E+01
0.9999E+00 — .96991400

1— 0.30001+01 0.12671+00 0.10001+01 0.10001+01 0.11481+01 0.10001+01
0.9999E+00 — .96991+00

7- 0.4000E+01 O.1689E+0O 0.I000E+01 0.I000E+01 0.1148E+01 0.10001+01
0.99991+00 — .96991+00

T— 0.50001+01 0.21111+00 0.1000E+01 0.1000E+01 0 .II4DE+Oi 0.10001+01
0.99991+00 — .96991+00

T— 0.6000E+01 0.25331+00 0.9962E+0O 0.90141+00 0.10481+01 0.18001+00
— .30211—01 — .44911+00

T— 0.70001+01 0.2952F+00 0.98631+00 0.34861+00 0.9478E+O0 0.18001+00
— .2729E—01 — .19661+00

1= 0.80001+01 0.33661+00 0.97341?0O 0.82541+00 0.84781+00 0.16001+00
— .23821—01 - .6132E—01

T= 0.90001+01 0.37741+00 0.9587E+OO 0.81871+00 0.74781+00 0.18001+00
— .22811-01 0.18301—01

T— 0.10001+02 0.41761+00 0.94271+00 0.82161400 0.64781+00 0.18001+00
— .2324E— 01 0.64361-01

T— 0.11001+02 0.40711+00 0.97561+00 0.8:941400 0.34281+00 0.18001+00
- .2445 E-0 1 0.8727 1—0 1

T— 0.1200E+02 0.49581+00 0.9073E+Oo 0.83941+00 0.44781+00 0. 18001+00
— . 2592E—0I 0.88651-01

T- 0.13001+02 0.5338E+00 0.887eE+oo 0.84791+00 0.3478E+oo 0.18001+00
— . 2719E—01 0.6960E-01

A— 14
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1 4
T- 0.1400E+02 0.0709E+00 0.86701+00 0.85191+00 0.24781+00 0.l800F+00

— .27791—01 0.2992E-01

-
- 

- T= 0.15001+02 0.40711+00 0.84471+00 0.84851+00 0.14781+00 0.18001+00
— .2729E—01 — .29931—01

1- 0 .IoOOE+02 0.64231+00 0.82091+00 0.83011+00 0.47781—01 0.18001+00

- 
- 

- — .2528E—01 — .10761+00

7= 0.17001+02 0.67651+00 0.79561+00 0.81161+00 — .52221-01 0.2210E+OO
- 0.5173E-01 - . 19841+00

- 
- 

7= 0.18001+02 0.70961+00 0.76941+00 0.79241+00 — .1522E+00 0.3030E+0O
0.20161+00 — .30201+00

1= 0.19001+02 0.74161+00 0.74701+00 0.77841+00 — .25221+00 0.38501+00
0.34901+00 - .41721+00

- T= 0.20001+02 0.77241+00 0.71381+00 0.76711E+00 — .35221+00 0.4670E+00
0.49291400 — .5419E+00

- T= 0.21001+02 0.8020E+00 0.6848E+00 0.75861+00 — .45221+00 0.54901+00
0.63331+00 — .6735E+00

1= 0.22001+02 0.113031+00 0.445551+00 0.74961+00 — .55271+00 0.63101+00
- 

0.7706E+00 — .8090 1+00

- T= 0.23001+02 O.8574E+00 0.62591+00 0.74001+00 — .65221+00 0.71301+00
0.9054E+00 — .94531+0 0

T= 0.2400E+02 0.88331+00 0.59661+00 0.72951+00 - .75221+00 0.79501+00
0.1038E+01 — .10801+01

• T= 0.2500E+02 0.90791+00 0.36771+00 0.71811+00 — .85221+00 0.8770E+00
0.11691+01 — .1212E+01

T= 0.2600E+02 0.93141+00 0.53961+00 0.70611+00 — .9522E+00 0.95901+00
0.12971+01 — .1339E+01

T= 0.27001+02 0.95361+00 0.51271+00 0.69531+00 — .1000E+01 0.1000E4-01
0.1366E+01 -.13641+01

T= 0.29001+02 0.97481+00 0.48721+00 0.69291+00 - .10001+01 0:10001+01
1 0.13691+01 — .13211+01

T- 0.29001+02 0.9949E+00 0.4631E+00 0.69541+00 -.10001+01 0.10001+01
I 0.1366E+01 — .12981+01

- 1— 0.3000E+02 0.1014E+01 0.4399E+00 0.70001+00 -.1000E+01 0.10001+01
0.13601+01 — .12851+01

- 
$ S * INTEGRATION SEGMENT 2

THE OUTPUT VECTOR 351 AIIVANCF VFL OCXTY SHAFT N PITCH/D THROTTLE
ENGINE U PROP 0

-

- 
1= 0.I000E+02 0.10141+01 0.43991+00 0.7000E+00 — .10001+01 0.10001+01

- 0.13601+01 — .12851+01

T- 0.3100E+02 0.10331+01 0.41721+00 0.7051E+00 — .1000E+01 0.10001+01
- 

0.13541+01 — .12781+01

T= 0.32001+02 0.10501+01 0.39571+00 0.71031+00 — .10001+01 0.10001+01
0.1348E+01 -.12761+01

i
_ _ _ _ _ _  
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T— 0.50001+02 0.12231+01 0.48*01—01 0.72001+00 — .10001+01 0.10001+01

0.1336E+01 — .13061+01

T— 0.SIOOE+07 0.12251+01 0.30431—01 0.7186E+00 — .10001+01 0.10001+01
4 0.1338E+01 — .13071+01

1— 0.52001+02 0.12261+01 0.12011—01 0.71721+00 — .I000F+Ot 0.10001+01
0.1339E+0j — .13081+01

1— 0.53001+07 0.12271+01 — .63571—02 0.71581+00 -.10001+01 0.I000E+01
0.13411+01 — . 13cl9E+01

*** VALUE OF VELOCITY HAS REACHED 71-41 L IMIT INI) VALU E OF -0.I00000E—02
5*5 RUN TERMINATED .

5*5 END OF FILE ENCOUNTERED ON 4.
$EXECUTION TIRMIN ATED

— •RUN *CCOUEUE
SEXECUTION BEGINS
ENTER PLOT REOUEST
PLOT
2 PLOTSI PLOTTING REPU IRES 450 SEC. ANtI 77 154.4 $1.7.,

- - 
ON’
01
PLOT ASSIGNED RECEIPT I 510133.
ENTER PLOT REGUESTI

EOF

•E)CECUTIOM TERMINATED
I
•DISPL.AY COST
•COST - $4.40, TERM ,NORMA& .UNIV

• I
a
$
$510
•SOI~Y 09154135—10113132 FRI JUN 10/77
$TIRM .NORMAL ,UNIV
SELAPSED TIME - 

10.933 NIH. 1.48
SCPU TIME URED 6.636 SEC. $2.18
$CPU STOR VMI 5.25 PAGE-M IN . 5.32
$WAIT STOR VMI 10.201 PAGE—HR .
$DRUM READS 406
•PLO1 TIME 7.5 MIN . $1.04
tPLOT PAPER 2.25 FEET 5.23
*APPROX . COST OF THIS RUN IS $4.43
$0151 STORAGE 66 PAGE-HR . 5.01

A-16 
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APPENDIX B: User ’ s Documentation for OPTSIM

UNIVERSITY OF MICHIGAN

DEPARTMENT OF NAVAL ARCHITECTURE AND MARINE ENGINEERING Rev. 1
5/27/77

IDENTIFICATION: OPTSIM: A group of subroutines

PROGRAMMER: Ass ’t Professor Michael G. Parsons and H.T. Cuong, Dept. of
Naval Architecture and Marine Engineering , Univ. of Michigan ,
under ONR Contract N00014—76—C—075l.

PURPOSE: These subroutines ar~ designed to be used in parallel with the
OPTSYS program to simulate the response of stationary, linear
optimal control and filter systems (developed using OPTSYS) to
randomly generated measurement noise, initial condition errors,
and specific process distuzbarices. These subroutines operate
under the SHIPSIM continuous systems simulation program. The
user inputs the system, estimator, control gain, and filter gain
matrices and the standard deviations of the measurement noise.
Initial condition errors can be input through SHIPSIM. A sub—
routine DISTRB is provided by the user to generate the specific
process disturbance of interest. A second subroutine ADERIV
can also be provided by the user if additional variables must
be integrated to generate the desired output.

METHOD:

References : 1. University of Michigan , Department of Nava l Architecture
and Marine Engineering , OPTSYS Program , Rev. 2 , 5/27/77

2. University of Michigan , Department of Naval Architecture
and Marine Engineering, SHIPSIM Program, Rev. 2, 5/27/77

3. “IBM System/360 and System/370 FORTRAN IV Language,”
IBM Manual GC28-65l5-lO.

This set of double precision subroutines provides a general way to simulate
the response of a stationary , linear optimal controller and Kalman-Bucy filter
system to randomly generated measurement noise, initial condition errors, and
specific process disturbances. These systems are designed for stochastic
process noise models such as white noise or the output of various shaping
filters. The OPTSYS program1 can be used to design the controller and filter
and evaluate the P.MS response of the controlled system when subjected to the
design measurement noise and process disturbances. It is often desirable to
also simulate such a system to establish th€ response of the controlled
system to specific , realistic initial condition errors and process disturbances.

For the stationary , linear system disturbed by Gauss—Markov noise,

x = F x + G u + I ’ w (1)

z = H x + v  , (2

B-i
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where x may be augmented to include the process noise generated by shaping
filters as additional states, the OPTSYS program provides the optimal control,

u = C ~ , (3)

which uses the estimate of the state produced by the Kalman—Bucy filter
given by,

* = F ~~ + G u + K ( z - H k )  . ( 4)  -

OPTSYS can also be used to establish the RMS response of this controlled
system when subjected to the design white noise sources w and v. It may
also be desirable to establish the controlled system response to initial
condition errors x(t0) or (x(t0)—~ (t0)) and specific process disturbances

— w while experiencing the measurement white noise v.
The OPTSIM subroutines are designed to perform this simulation under

the control of the SHIPSIM continuous systems simulation progrant2. OPTSIM
constitutes the INPUT and DERIV subroutines required by SHIPSIM so these do
not need to be provided by the user. To the extent possible the input formats
are the same as those used by OPTSYS so the same data sets can be utilized.
For the most general case where shaping filters are used to model the process
disturbances , the estimator estimates both the states and the disturbances
(augmented states) . In this situation , the filter is of higher order than
the system and the formulation can be as follows:

= F~x + G5C ~ + rw , (5)

.4 = KHsX + (Fe + GeC - KHe)I + Ky ~ ( 6)

where:

x = system state vector without augmented states (NSxl )

= estimator statL vector with augmented states (NExl )

- - w = process disturbance vector (NGx1 )

v = measurement noise vector (NOBxl) with standard deviations
— 

~ (NOBxl)

Fs a system open—loop dynamics matrix (NSxNS )

Fe = estimator open-loop dynamics matrix (NExNE)

G5 ~ system control distribution matrix (NSxNC)

Ge = estimator control distribution matrix (NExNC)

F = system c~isturbance distribution matrix (NSxNG)

H 5 = system measurement scaling matrix (NOBxNS)

He = estimator measurement scaling matrix (NOBxNE)

- 
1 

C = feedback control gains (NCxNE)

K = Kalulan-Bucy filter gains (NExNOB)

If no shaping filters are used NS=NE and Fs=Fe,Gs=Ge and Hs=He.

If it is desired to integrate variables in addition to x and ~~~, these
derivatives can be included by adding an optional subroutine ADERIV which
calculates,



— ~~~~~~—- — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “~~~~‘ ‘ “ “~~~~ ‘~~~~~

= f(t,x,~~,y) (7)

where y is the vector of additional variables ( NAxl ) .  If it is desired to
perform calculations at any print or plot point to produce output in addition
to t,x,~~, and y , this can be accomplished by adding an optional, user pro-
vided subroutine ACALC as defined by SHIPSIM.2 If NG�O, the user must provide
a subroutine DISTRB which will provide the process disturbance w as a function
time . The general structure of the entire program , OPTSIM running under
control of SHIPSIM, is as follows : —

~~~~i~~~~~~~6UTPUT

SHIPSIM input verification
* ACALC SHIPSIM selected printed output

optional plotfile for CALCOMP plots

* ADERIV OPTSIM

needed if NA~O 

* DISTRE 

OPTSIM input verification only

needed if NG~O

*optional user supplied subroutines;
with dummy subroutines available

The input is structured so that multiple runs can be made using a completely
new data set , by changing only SHIPSIM integration control parameters, or
by changing only specific terms within any of the matrices in equations (5)
or (6).

USER’S INSTRUCTIONS: The input data sets consist of simulation specification
and control input required by SHIPSIM2 (which will not be detailed here) on
I/O device 4 and the OPTSIM input described below in I/O device 5. Multiple
runs can be made by following these with additional data for SHIPSIM and
OPTSIM. Data sets for two runs are read in the following order:

OPTSIM data for first run
•SHIPSIM data for first run
input control variable NEXT for SHIPSIM

•new OPTSIM data or changes to first run OPTSIM data
for second run

•new SHIPSIM data or changes to first run SHIPSIM data
for second run

The OPTSIM data for an initial run or a completely new run (SWITCH 1) should
consist of the following in the specified sequence including only those
required:

-

~
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__________ ___________________ _______________ __________________________________
Record Input Format Comments -.

-
-

Type

1. SWITCH 13
(must equal 1 for
an initial run) SWITCH=l if a completely new

- 
- set of data will be given

SWITCH=2 if only specific
changes will be given using
NAMELIST

2. NS, NC , NOB , NG , 613 NS=number of system states,
NA , NE NS<1O

NC=number of controls, NC<8
NOB=number of measurements ,

NOB<1O
NG=number of process disturbances ,

NG<lO
NA=nuniber of additional van -

ables, NA<5
NE=number of estimator states,

NE<lO

3. FS 6E 12 .5 F~ matrix input by rows begin-
repeated as ning with a new record for each
required row

4• * FE 6E12.5 Fe matrix - input by rows begin-
(only if NE~ NS) repeated as ning with a new record for each

required row

5. GS 6E12.5 G5 input by rows without a— 
repeated as new record for each row
required

6.* GE 6El2.5 Ge input by rows without a
(only if NE~ NS) repeated as new record for each row

required

7. C 6E12.5 C input by rows without a new
repeated as record for each row
required

8.* GAMMA 6El2.5 F input by rows without a new
(only if NG�O) repeated as record for each row

required

- - - .-‘ ~~- - ~~~~~ ——-~~~~~~ ~~~~~~—— — -  — - - ‘— _4~~~~ g~~~~_._- L  ~~~~~~~ ~~~~~~~~~~~~~~~ - - — ‘  
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Record Input Format Comments

Type ___________________ ________________ ___________________________________

9. HS 6E12 .5 H5 input by rows without a new
repeated as record for each row
required

1O.~ HE 6El2.5 He input by rows without a new
(only if NE~NS) repeated as record for each row

required

11. K 6El2.5 K input by rows without a new
repeated as record for each row
required

12. SIGMA 6El2.5 - a’ ; input a zero vector if no
repeated as measurement noise is desired
required See discussion beginning at the

bottom page B-6 concerning the

___________ 
___________________ _________________ specification_of_a’.

*included only if required by input on Card 2.

The form of OPTSIM data for subsequent runs is controlled by the variable
SWITCH. If SHIPSIM data is changed but the existing (previous run) OPTSIM data
is to be used again , SHIPSIM variable NEXT should equal 1 or 3 and no OPTSIM
data is needed. If SWITCH is set equal to 1 on record type 1, a completely
new data set must be supplied as described above. If SWITCH is set equal
to 2 on record type 1, any specific elements of F5, Fe, G5, Ge, C, I’, H5, He~
K, and a can be changed in the existing OPTSIM data using the format-free
NAMELIST input.3 This input would consist of a record type 1 followed by
a record or records as follows:

column 123456789
&LIST1 F(l 3)=O.0,C=l.0,5*O.0,...&END

In this example, element F(l,3) is zeroed and the control gains matrix C(2x3)
is changed to 1.0 in the first element with the remaining elements zero. The
input can be continued to additional records provided each continued record
ends with a comma and each continuing record begins with a new variable name.
If all data alterations can be made on a single record , the &LIST 1 and the
&END can be omitted and the first variable name can begin in column 1. A
user should review the use of NAMELIST input in the IBM FORTRAN IV language
manual.3 -

Subroutine ADERIV. IF NA=0, the user can call a dummy subroutine as
part of the MTS RUN command as described below and there is no need to write
ADERIV . If NA~0, the user must write ADERIV and load the compiled subroutine
into a file to be referenced on the MTS RUN command. This subroutine should

1 :
B-S
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appear as follows:

SUBROUTINE ADERIV (TIME , X , YDOT, NA , NEQ)
- 

- 
IMPLICIT REAL*8 (A_H ,O_$)

DIMENSION X(NEQ),YDOT (NA )

- 
- 

code which calculates the vector of NA additional derivatives
YDOT(NA)

RETURN
END

Here TIME is the independent variable , X (NEQ ) is the full vector of variables
being integrated (NEQ=number of equations) in which x occurs first, ~ occurs
next, and the additional variables y appear last. Thus NEQ=NS+NE+NA . This

- 
information can be used if needed to calculate the YDOT at any point in time.

Subroutine DISTRB. If NG=0, the user can call a dummy subroutine as
part of the MTS RUN command as described below and there is no need to write
DISTRB . If NG~0, the user must write DISTRB and load the compiled subroutine
into a file to be referenced on the MTS RUN command. This subroutine should
appear as follows:

SUBROUTINE DISTRB (TIME ,X,W ,NG ,NEQ)
IMPLICIT REAL*8 (A-H,O-$)
DIMENSION W(NG) ,X(NEQ)

code which calculates the process disturbance vector W(NG)

RETURN
END

Here TIME and X(NEQ) are as defined above.

The user will also have to prepare SHIPSIM input as described in the
User’s Documentation for SHIPSIM.2 This will include the selection of inte—
gration method and specification of integration control parameters. For a
system subjected to white noise disturbances or measurement noise, the inte-
gration method choice , step size choice , and specification of measurement
noise standard deviation (a in OPTSIM input) must be done with care.
First, only fixed step—size Euler or rectangular integration should be
specified. This has the effect of approximating the gauss-markov continuous
process by a discrete gauss-markov sequence. (See Bryson and Ho, Applied
Optimal Control, Blaisdell , 1969 , pp. 342—344 and pp. 364—366). In order for
this approximation to preserve the correct system response covariance , the
white noise for measurement i must have a standard deviation given by,

—-—- --- - —~~— 
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where Ru is the corresponding power spectral density used for measurement i
in the OPTSYS design and ~t is the simulation integration step—size specified
in the SHIPSIM input. Since a~j depends on t~t, the variable step—size Kutta—
Merson integration available in SHIPSIM must not be used .

MTS RUN INFORMATION: The object code for OPTSIM and the dummy subroutines j
ADERIV and DISTRB are in fi les under account SGTA (subject to change ; check
with Prof. Michael G. Parsons). The RUN is actually made using SHIPSIM so
reference should also be made to its description and user ’s instructions.2

It is also necessary to utilize two subroutines out of the IBM Scientific
Subroutine Package in calculating the random measurement noise. A run using
the three dummy subroutines would appear as follows:

$RUN SGTA : SHIPSIM.O+SGTA :ACALC.D-4-SGTA:OPTSIM.O+SGTA :ADERIV.D+SGTA:DISTRB.D
+NAAS:SSP+*PLOTSYS 4=(SHIPSIM input data file) 5= (OPTSIM input data file)
9= (output file for input to *PLOTSYS)

Appropriate user supplied object code files should be referenced if the optional
subroutines ACALC (see ~HIPSIM description2 ) ,  ADERIV , and/or DISTRB are utilized .
If device 9 is not used it can be set equal to *DUMMY* or a temporary file.

A complete example will not be included here; example runs can be made
available upon request. A sample OPTSIM input data file and the corresponding
input verification output produced by OPTSIM for a case where NS=NE follows.
Sample output from SHIPSIM is included in the SHIPSIM User ’s Documentation.2

OPTSIM input file:

_ 5 1 3 2 t  S
0.050 1.050 0.050 0.010 0.010

0.0 —0.176575,01 0.573591.01 0.0 —0.550745.oo
‘ 0.0 0. 171991+00—0. 527665,00 0.0 —0.156071.00

1.010 0.010 —1 .050 0.OEO 0.010
— 0.050 0.050 0.010 0.050 —0.43910

0.010 0.0’O 0.010 0.010 0.43910
C 7.’46215e00 4.623701.00 1.700001.01 2.42523E .-0O—4.713205 ,00

0.0 0.0 0.4776R1+03—O.500635,o1 0.211411+02—0.282331.02
— 0.0 0.0 0.0 0.0

1.050 0.010 0.050 0.010 0.010 0.010
H1 1.050 0.010 0.010 0.050 0.010 0.050
— 0.010 1.010 0.010

2.188 971—01 1.009731.00 1.359415—03 4.R56$HE—0 2 6.1865~~€i-02— 4.43OO3E—O3
6.717661—02 4.56445E .0L—4.7o0665—OL 1.326621—01—8.957715 ,00 9.564801—01

— 0.0 0.0 0.0
-: 3.49041—3 7.65441—4 3.44901—2

-
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OPTSIM input verification output:

OPISIM O PTIMA L STOCMA STIC CONTR 0I.L53 sIMti L4~ I0N I ’POGLA!

INPU T TERI?I CAT ZQN UQ = 11

O R D E R  OF SISTEM • S

lUMBER 05 CONTR OLS • I

NU ”B!R OF 0BSEPV ~~1I3$S • 3

N U M B E R  OF PROCESS NOISE SOURCE S 2
HURB IR OF AU X IL IARY STATES — 1

ORD ER 0? ESTIMAT OR S
SYST EM OPEN LOO P DYNAM ICS MATRIX.. ..FS (US ,IS)

0.0 0.10000E+01 0.0 0.0 0.0
0.0 —0 .176571.01 0.573592.01 0.0 —0.880742.00
0.0 0.171995.00 —0.527665,00 0.0 —0.156072+00
0.100002.01 0.0 —0 .110002+01 0.0 0.0
0.0 0.0 0.0 0.0 -0. 939002+00

-
~~ SY STE M CON TROL D I S T R I B U T I O N  M A T R I X . . . . G S ( N S .NC )

0.0
4 0.0

0.0
0.0

- - 
0.439001+00

U!DMACK CON TROL GAINS. . ..C (BC .NS)

C. 7 .62!,01 0.962372.01 0.170115.02 0.2~ 252E.01 —0.471322+01

SYST EM DISTU~~2AICE OISTRIEDTICN MATRIX ... .GAMMA (25,10)

0.0 0.0
0.477685+13 —0.500432.01
0.211412+02 —0.282332+02 -

0.1 0.0
0.0 0.0

SES EM UA SURLMEN I SCAL ING MA’IRIX .. . .NS (N O B ,NS)

- 
- - 

0.1C000E.01 0.0 0.0 0.0 0.0
0.0 0.100001.01 0.0 0.0 0.0
0.0 0.0 0.0 0.100002.01 0.0

KALMAN—B UC Y FILTER GAINS ....K (15,108)

0.218905.00 0.10097~ ,01 0. 13~94!—020.485692—0 3 0.618665.03 —0.4’43C~ E— 02
0.671755—01 0.456~ 5I.02 —0 . 1476C1E.00
0.13266!.0O —0.8 98775.01 .958 .s9 400
0.0 0.0 0.0 -

rs As uRe!~Tw lOTS! STAND ARD D EV I&TTONS.. ..SXGMA (NOB)

0. 349045—02
0.765415! 03
0. 3448 0!—01 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~~~~~~~~~~ -~~~
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Appendix C: User ’s Documentation for OPTSYS

UNIVERSITY OF MICHIGAN

DEPARTME NT OF NAVAL ARCHITECTURE AND MARINE ENGINEERING Rev. 2
5/27/77

IDENTIFICATION: OPTSYS Program

PROGRAMJIER: original version by W. Earl Hall, Jr., Dept. of Aeronautics
and Astronautics , Stanford Univ., 1971, (now Systems Control,
Inc., Palo Alto, CA.); adapted to MTS by Ass’t Professor
Michael G. Parsons, Dept. of Naval Architecture and Marine
Engineering , Univ . of Michigan, June, 1976.

PURPOSE: The program provides fast and efficient solutions to the steady—
state, linear optimal control and filter problems using the usual
quadratic penalty function on the state and control variables.
With user inputs of penalty function, constant coefficient state
and measurement equations, and noise spectra , the various program
options will provide optimal feedback gains, Kalman—Bucy filter
gains, RMS state and control response, response to a constant
disturbance, and an evaluation of controllability, disturbability
and ~ibservability via modal decomposition of the state and measurement
equations. It is also possible to evaluate RMS state and control
response when feedback gains and filter gains are provided externally .

METHOD:

References: 1. Bryson, A.E. Jr., and Ho, Y .C . ,  Applied Optimal Control,
Blaisdell Pubi., 1969.

2. Bryson , A .E.  Jr., “Control Theory for Random Systems,”
Proceedings of the Thirteenth International Congress of
Theoretical and Applied Mechanics, Moscow, August 1972.

.~~. MacFanlane , A .G.J., “An Eigenvector Solution of the
Optimal Linear Regulator Problem,” Journal of Electronics
and Control, Vol. 14, No. 3 , May, 1963 , pp. 643—654 .

4. Potter, J.E., “Matrix Quadratic Solutions,” SIAM Journal
of Applied Mathematics, Vol. 14 , No. 3 , May, 1966 , pp. 496—501.

5. Bryson , A. E . ,  Jr., and Hall , W.E. Jr., “Optimal Control
and Filter Synthesis by Eigenvector Decomposition,” Stanford
Univ. Guidance and Control Lab. SUDAAR #436 , Nov. , 1971.

This program treats the problem of designing optimal controllers for
stationary , linear -~ stems disturbed by Gauss—Markov noise. The system must
be represented by the model,

x Fx + Gu + ’w , ( 1)

(2)
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where:
x = state vector (nxl),
u = control vector (znxl),
w = white disturbance noise (qxl ) with zero mean

and power spectral density matrix Q (qxq); or
separately a constant disturbance Wc,

- - z = measurement vector (pxl) ,
v iihite measurement noise (pxl) with zero mean

and power spectral density matrix R(pxp),
- 

~ F = open-loop dynamics matrix (nxn),
G = control distribution matrix (nxm),
r = state disturbance distribution matrix (nxq),
H = measurement scaling matrix (pxn).

An optimal controller can be defined as the one which minimizes the expected
value of the quadratic penalty function,

~ 
~~~~~~~~~ ~~U

T
BU (3)

where:
A = positive semi—definite state weighting matrix (nxn)
B = positive definite control weighting matrix (mxm).

This program utilizes the certainty—equivalence principle or separation
principle which states that the optimal feedback in the ensemble average sense
for the above system is the optimal deterministic controller preceded by the
optimal estimator (or filter) of the states. The program can in sequence or
individually design the optimal deterministic controller , design the Kairnan-
Bucy filter , and evaluate the RMS state and control response.

State—feedback Controller: The calculus of variations can be used to
show ”2 that the state—feedback controller which minimizes eqn. (3) is given
by,

-1T
U = Cx = -B G S x , (4)

where S is the steady-state solution of the backward matrix Riccati equation,

T - l T
S = —SF—F S + SGB G S — A , S(tf) = 0. (5)

Most methods for solving for S (integrating eqn, (5) to steady-state or solving
simultaneous quadratic equations) are expensive and subject to numerical difficulties
for large n. This program utilizes a technique called eigenvector decomposition
which was first proposed by MacFarlane3 and Potter4 and which is both fast and
well-behaved . Earl Hall5 used the QR algorithm for finding eigenvalues and
eigenvectors to develop a practical and efficient means of utilizing the MacFarlane-
Potter method. Hall’s work was extended by other students at Stanford Univ. to
produce this program.

The eigenvector decomposition method is based on finding the eigenvectors
of the Euler-Lagrange equations (2n) for minimizing eqn. ( 3) subject to eqn. ( 1) :

- . 

~~~~~~~~~~~~~~~~~~~ 
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F _GB 1
G
T

T • (6)
A - A  -F A

The eigenvalues of this system are in pairs which are symmetric about the
imaginary axis in the complex plane. If these eigenvalues are grouped into
those with positive real parts and those with negative real parts, the associated
eigenvectors can likewise be grouped as follows.

x x
or = 

~~~~~~~~~~ 
(7)

A A
+ -

where the eigenvectors with minus subscript are associated with the eigenvalues
with negative real parts, etc. The steady-state solution to eqn. (5) is given by,

S = A_ (X)
1 

(8)

the eigenvalues of the controlled system (F-GC ) are the eigenvalues of eqn. (6)
with negative real parts, and the eigenvectors of the controlled system are the
columns of X .  Similarly, if eqn. (5) were a forward matrix Riccati equation the
steady-state solution would be given bY

~~
X
+ 

(1
~+
)l as will be utilized below in

the filter problem.

Kalman-Bucy Filter: The calculus of variations can be used to show 1,2 that
the maximum likelihood filter for estimating the state of a system disturbed by
white noise from measurements which contain white noise is given by,

x = F x + Gu+K(z-H~), (9)

where the filter gain matrix K is given by,

K = P H
T
R 1

. (10)

The matrix P is the steady-state solution of the forward matrix Riccati equation,

P = FP + prT 
- PH

T
R
1HP + FQrT , P( t 0)  = x(t0). (11)

Here P (nxn ) is the covariance matrix of the error of the state estimate and
x (nxn ) is the covariance matrix of the state .

The steady-state solution of eqn . (11) may be found by using the eigenvector
decomposition of the Euler—Lagrange equations (2n) for the filter problem l~2; i.e., 

- 

- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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F ~rQrT l  1 0 1[
~
] [_ H

TR
_l

H ~T + [HT _ l zj (12)

since eqn . (11) is a forward matrix Riccati equation, the steady—state solution
is given by,

= -X (A)
1 (13)

where X~ and A+ are partitions of the eigenvectors associated with the eigenvalues
of eqn. (12) having positive real parts. The eigenvalues of the estimate errors

= 2 - x are the eigenvalues of eqn. (12) with negative real parts and the
eigenvectors of the estimate errors are the columns of (A 4.Y 1 .

RMS State and Control Response: If perfect measurements are available
(no filter), the stationary statistical response of the states is determined

- - by the linear matrix equation1

(F+GC)X + X(F+GC)T + rQr T 
= 0 (14)

where again X is the covariance matrix of the states. The RMS response of
each state is the square root of the associated diagonal element of X. The
covariance matrix for the control will be,

E(Uu
T) = CXC

T
, (15)

with the RMS control the square root of the associated diagonal element of this
matrix.

If filtered estimates of the state are used, the covariance matrix for the
state is given by,’

(16)

where ~ is the covariance matrix for the state estimate given by the linear matrix
equation,

(F+GC )~ + ~ (F+GC ) T + KRK
T

= 0 (17)

In this case, covariance matrix for the control is given by,

E(uu T) = CXCT . (18)

Steady-state Response: The stochastic control and RMS response are with
respect to zero mean disturbances. The program will also separately calculate
state and control response to a constant disturbance, if desired, by using ,

2Css — (FsGC~~
1 r ~~- , (19)

L 
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— and,
~ss = Cxss . (20)

The calculated RMS response would then be with respect to or additive to these
steady-state values.

Controllability, Disturbability, and Observability: This program can also
be used to determine the relative effectiveness of selected control inputs,
the relative coupling of state disturbances to the dynamic plant modes, and the
relative detectability of the dynamic plant modes fr om selected measurements.
The state and measurement equations can be displayed in modal (normal-coordinate
or Jordon canonical) form; i.e.,

= F~~ + G u  + r w  (21)

z = H ~~~ + v  (22)

where:
x = T ~~,
T = matrix of right eigenvectors of F; columns are eigenvectors

of Ft1 =t i X~ ,
F = T 1FT is the diagonal eigenvalue matrix for distinct

eigenvalues,
T 1 = matrix of left eigenvectors of F; rows are eigenvectors

of tiF = A j
G = T 1G ,

=

= NT.

The degree of controllability (by control inputs) and disturbability
(by state disturbances) are shown by displaying the degree of orthogonality
between the control distribution vector(s) and disturbance distribution vector(s),
respectively, and the left eigenvector of each open-loop mode. Thus for control—
lability of mode i with control j the program displays,

cos O
~j =_________ 

(23)

- I~1iI I
~~~~

j l

where t1j~ is the left eigenvector associated with mode i and is the vector
(column ) of G associated with control j .  A result 1.0 indicates maximum
coupling or controllability and a result of 0.0 indicates complete uncontrollability.
Similarly, the degree of disturbability is shown by displaying,

I~li Xi i
cos$ij~ it1~Hyi i ‘ (24)

C-5 
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where is the vector (column ) of F associated with state disturbance j . - -c~~~~.

The degree of observabil ity is shown by displaying the degree of
orthogonality between the right eigenvector of each open-loop mode and the
measurement distribution vector(s). Thus for observability of mode i with
measurement j the program displays,

i j n i i
cosB~~ 

= 
lh jll t rjl 

‘ (25)

where 
~ri 

is the right eigenvector associated with mode i and is the vector
(row) of H associated with measurement j .  A result 1.0 indicates maximum
observability and a result 0.0 indicates that mode i is not observable with
measurement j .  If mode i is not observable from any measurement, the system
is not observable.

For complex eigenvalues of F , the eigenvectors in T and T~
1 are also complex.

The elements of G ,  r , and H’ will also be complex. The eigenvector matrices
and G , F . , and w are then presented in a real form; i.e.,

T = (
~ ir’ ~ J.i’ ~2r ’ ~2i’ ~~~~~~~

where t ir and t~ j  are , for example , the real and imaginary parts, respectively ,
of the first conjugate pair of right eigenvectors. Likewise , for complex
eigenvalues the degree of controllability, disturbability, and observability are
presented for the real and imaginary parts of the associated left (or right)
eigenvector conjugate pair. Thus, cosO11 and cos02~ will be the
results for the orthogonality of the real and imaginary part, respectively , of
first pair of conjugate eigenvectors and the j th control distribution vector.

PROGRAM OPTIONS: This program is very flexible with a number of options which
control output and needed input. These will be presented prior to defining
the input details.

IOL = 1, if open—loop eigensystem is to be calculated and printed out ;
= 0 , if not;

IQ = 1, if RMS state and control values are to be calculated and printed out;
= 0 , if not;

INQ = 0 , if A ,B ,Q, and R will be input as diagonals only , off-diagonal
elements assumed zero;
= 1, if A and Q will be input as full matrices; B and R input as
diagonals only, off—diagonal elements assumed zero;

IR = 0 , if optimal feedback controller and filter are to be determined
with C and K output;
= 1, if C is to be provided as input; optimal filter to be determined

and K output;
= 2 , if K is to be provided as input; optimal feedback controller to

to be determined and C Output;
= 3 , if both C and K are to be provided as input;

ISS = 1, if steady-state values for states and control for a steady
disturbance 

~~ 
are to be determined and output ; = 0 , if not;

IM 1, if modal equations (G , F’, and H’), controllability, disturbability,
and observability are to be determined and results output (IOL = 1,

required); 0, if not.

C-6
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IP = 1, program calculated C and K matrices are to be output to I/O
device 7 using format 6E12.5 repeated as required but beginning
C and K with a new record; 0, if not.

These options will allow the design and evaluation of an optimal controller
and filter (IQ = 1, IR = 0); study of controllability, disturbability, and
observability of a system (IOL = 1, IM = 1); evaluation of controller and
filter performance when system characteristics change (IQ = 1, 1K = 3 , with

• new state equations F and G); etc. When control gains are provided as input
the program checks the closed loop system for stability. Likewise, when filter
gains are provided as input the filter is checked for stability. In each case,
only that input necessary for the selected options must be provided.

USER’S INSTRUCTIONS: Input records should consist of the following in the
specified sequence including only those required.

Record Input Format Comments
Type
Number _____________________ _______________ ________________________________________

1. “title” l8A4 Any 72 character title
for the output.

2. IOL, IQ, INQ, IR, 712 Program option control
ISS, IM , IP integers as defined above.

3. NS, NC, NOB, NG 413 NS = number of states,
n~2 5

NC = number of controls,
m�8

NOB = number of measurements,
p
~
25

MG = number of state disturbances,
q~2 5

4. F 6El2.5 F matrix input by rows
repeated as beginning with a new record
required for each row.

5~* A 6El2.5 A input as a diagonal only
repeated as or input as an entire matrix
required as set by INQ. Matrix input

by rows without a new record
for each row.

6. * G 6El2 .5 G input by rows without a
repeated as new record for each row.

• required

- - —- - - —  —— ~ -~~~~~~- -  
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Record Input Format Comments -

Number ____________________ ______________ __________________________________

7 *  B 6El2 .5 B input as diagonal only
repeated as
required

c 6El2 .5 C input by rows without
repeated as a new record for each row if
required IR = 1 or 3.

r 6E12.5 F input by rows without a
repeated as new record for each row.
required

lO. * Q 6E12.5 Refer to A above . This power
repeated as spectral density defines w.
required

ll.* H 6E12.5 H input by rows without a
repeated as new record for each row.
required

l~ .* 
- 

R 6El2 .5 R input as diagonal only .
repeated as This power spectral density
required defines v.

K 6El2.5 K input by rows without
repeated as a new record for each row
required if IR = 2 or 3.

l4.* 6El2.5 steady disturbance vector
- repeated as only if ISS = 1.

required

15. “job control” A2 .‘~~ if another case follows
1* if no case follows

*included only if required by input on records 2 or 3.

To clarify which of the input record types 5 through 14 must be provided
note that the input sequence is as follows:

p !A G B c !r Q ~~H R K ~~w~ 

—-—-— .—- -~~~~~ —-- - —~~~~~~ —-—~~~~~~~~ —---~~~-~~~~~~- - 
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Portions of this sequence should be deleted as follows:

if NC = 0 , delete A, G ,B ,C,
if NOB = 0, delete H,R,K
if NG = 0 , delete F ,Q,H,R,K
if ISS = 0, delete
if IR = 0, delete C,K

= 1, delete A, B ,K
= 2 , delete C
= 3 , delete A,B

MTS RUN INFORMATION: The object code for the OPTSYS program is on file under
account SGTA (subject to change; check with Ass ’t Prof. Michael G. Parsons).
The program can therefore be run on MTS by using:

- - $RUN SGTA:OPTSYS.O 7= (user ’s file for output of C and K)

input data cards

$ENDFILE

If the data is in an MTS file, I/O device 5 can be set equal to the file name
on the $RUN command . If no output is to be made to I/O device 7, device 7
should be set equal to *DU~~4Y* on the $RUN command. If I/O device 7 is to be
set equal to *PUNCH* remember to include on appropriate card number spec~ f~ cation
( C . . . )  on the MTS job card . The compilation cost for the entire progranl
under MTS is about $3.60. The run cc-st for the NS = 5 example using all options
which follows was $ .50

EXAMPLE INPUT AND OUTPUT: The following example is a NS = 5 test problem for
the control of a tanker along a straight line when subject to a white noise
current disturbance normal to the ship ’s path. The states are heading, yaw —

rate, offset from the line, offset rate, and rudder angle. A single control is
the rudder command. Measurements are the heading, yaw rate and offset, each
contaminated by white noise. The non-dimensionalized input is as follows:

ISIGROt ( Sor& PIIPI•tl C.20

IUM O P T 3 T S . O  ,•øp 0ucN s
TA NK !P ~~S T ES t  PRI ) 3 L 11 11CM M I L L E R S ’  P A P E R

1 1 0 0 1 1 1
5 1 3 1

0.G!0 1.310 0.010 0.010 0.010
6.252 13 —1 .7271 0 0.010 —6 .2 5210 —6.776 10
0.010 3.013 0.010 1.010 0.010

0.62210 0.69910 0.010 —0.622 !O 0.0M61’)
0.010 0.010 o .ov o.o ~ o —1. 011

0.27113 0.13012 0.2Gev. 0.27613 0.69610
0.0!’) 3.0!-) 0.010 0.010 1.011

0.21912
0.010 6.25210 0.010 0.69210 0.010

0.66 1—6
0.O!C 0.0!’) 0.010 3.010

1.C~C 3.0!’) 0.010 0.010 0.010 0.010
3.010 0.010

0.2101—6 3.3111-S 2.0001—S
0.11-2

‘S 
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The resulting output with all options selected is as follows: - - I

- 
: •uz~~v.s~~~~ Or ICHLGA N DZPA F E OP 6AV AL A R C H LC~ UB! A .D P6 1$! C I ~~!!0XH

OPTSYS S~ A TIOSA11, L~~.!A9 cr~~~ . ~-: N FCLL! ~ C E 3 ~~GI c-;~6’
A GAP TE D FF~~ SI~t iI1O’D 7N:v:~~II~~! C? 0!5 P 1 G ~~~ JU NO 1176

TAl lER v.5 ~!ST E R C a L E ~ ~~~C! M I L L E R S ’  P A P ! P

CBDEt OP SY~~T!~t = S

IUP.8!E ~3F CON ~~E ) L S I

‘ 1 801310 OF O 8 5 t & V A T ~~ONS • 3

IUMBE ~ 3F ?P0C131 -1c:3’ 5COFC !S • 1

ORES LOOP DEAIMI CS ~1~ R2X . . . .1
0.0 1.3CCv.00 G.C (~.0 0.0
6.2521.03 — 1 . 7 2 7 ! + C O  C .(  —6. ~~!2f . ’C —6. 7 76 L.J1

- - 0.0 0.3 0.C 1.CL7!.~ Q 0.0
6.2201—01 6.9901—01 0.~ —6.22~ E—01 9.4b0!—01
0.0 0.3  0.0 0.~

ZIG!MS!STF.-9 0? 3P11 LOOP SES1!M .

BIGHT !IGENVEC T OR S

B ELL E L G I N V A L U E  ( 1) P E A L  LIGENVZ C~O? ( 1)

0.0 )+J t 0.0 ) ( 0.’)
( 0 . ’)
( 1.000~ Ofl~ )( 0 . 3
( 0.0

lEE!. !IG!IIVALU! I 2)  F I lL  EIG!9V !C~0P ( 2)

(—2.6533683.OC).J ( 0.0 (—0.3637166) 
. 

—
( 0 .912 1395)
( 0.0766 247 )
(— 0 . 2 3 ~~6 17)
( 0.0

PEAL !IG!NVAL!J! ( 3) 
- 

P! A L EI~~~ 5 V E C O3 ( 3)

( 3.013075E—01).J ( 0.0 ) ( 0.3061612)
( “ .03J1~II 4 )

H ( 0.9C .631*J6)

( 0.270961— )

IEAL ~IG!NV ~~.t. ( — ) ~~~~~ r _ ; : N v ~~z :) ? ~ -s~

(-3.639-)~~ O-1S) .J ( .. ) ( - , .-: - 

)
( C. ’ )

lilt . I -~ 0 R V A L C !  ( 5 )  E ! A L  o :~~~~ i::~~)- ( ‘)

( 1.0030C0!~~~1). i( 7. . )
( ~~.54 ~~~— - ~~ 7)

(— ~~.11117 ~~5)
( 0.7~~~~~~ )

LILI~L ~~—.--~~~~---- —

~~~ c-jo
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1001!. MA!!!! IN ?ERSZ : LIP! E I’315 VE CTOR 1l!P!X. . . .1 :uveiu
—1.6521.16 —2.1161.15 1.CCG~.7o 2.127F.10 3.234...15
—2.3171.00 7.5291—Cl 0.0 2.3171,0 1 —0 .2761—01

- - 2.2611.01 3.3611.00 —.~.c —2.260!+C1 —4.~.72L.-30
—1.0521.16 —2.116!.15 —U.t 2.127E.16 3.231.1.15

- 
- 0.0 0.0 0.0 0.0 1.2721.00

- - I STAU 4SXGMTIHG MATRIX.. • .1 -

2.1401.02 0.3 0.’.- C.C 0.0
0.0 1.300!.01 C. C .O 0.0
0.0 0.3 • 

~.080! .O3 0.0
0.0 0.3 0.0 2.74O~ .02 0.C
0.0 0.0 0.0 0.0 6.9401— 0 1

CO ITBOL DIsTp Iao’IxoM M A T R I X . . .  • C

0.0
0.0
0.0
0.0
1.0001.01

SODAL COITBOL DISIPIIOTICN MA TRIX ... .0 FF15!

3.2361.16
—4.2761.00 -

3.23*1.16
1.2720.C1

IELA!XV2 CON;3OL: .~B :LI:y cv 6O3~~AL SC;!’ C O S ( T H Z : A ( I, J ) )

FOR M ODE I 60TH C0, :RcL J

1 .2621—01
1.253 1— 0 1
1 .1361—Cl
1.0001+0-3

COITBOL 8310901MG A1111.. • .0

2.1101.01

!ICEMSTSTE• C? OPTt ’~~ CLCS !0 L3CP SI t UP - . .

CO!PL U ELG!11AL31( 1) COrP LEX !0!IVECTO :( 1)

(—S. 2070*9!+”G).J ( 2.d15923!.OC) (—0.14B!912).J (— ’.~~~~3S67)
( 1. 3C~~~~~)*J ( -
( o.c29r.~t1).J ( :.~~22a’s3)r (—D.21S’5:I.)•J( .~~.;37M32 4)

COM PLEX !IG!SVALO!( 2) CC !9L1X !~~v:;~ O (  Z~
( 1.723132!.’0).J ( !.205161! 01)

I’ I 1 .o)~~~~~:).J ( ‘.~~

J 

( C.2.6 6 1).J (.:.1;9~~732)
(—0.36373S3) .J( 3.3li4~~7)
(— 9. 1556 3~6) .2 (—0. 5l 56l70~

c— il 
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15*1. 1IG!IVALII ( 1 ) .  1111. E1OEIVI CTOI 1 1 ) .

l—I .1SP0431.fl).4( 0. I ) I 0.00*8061)
(—0.6917690)

- 
- 

(—0.0166971) —

0.1361995)
(—0.7038710)

CollaGE GillS... .C

7.17706*f.00 2.5952691.00 9.7s5623!.00 ‘.020601!.90 —9.66*46111—01

CLOSED LOOP DTIAI CS MillIE.... P.00

U.0 1.0t’...-)Os!.C’ “. ,.C
6.2S20~ C!.t.3 —1.727’~~

- -!.0t ~.3 —á .252-’!. n —6 .7’ rnT.”~
0.1) 0.3 ‘I .” 1.0e” -: E.-~’) 0.0
6. 220 0001—01 6 . 9 9 0 0 0 J E — C 1  3 .3  —6.223C~~ y—01 3. 0r~ !,!— - 1
7.07706110.0 1 2.5~~b 249E ’01 1 .71 56 2 3 2 . 3 1  11 .32~-~~J 1 .~.:1 — 1 . 3€6 ~~l.6E ,01

STAT! D I S I U R B A N O !  D ISTBIEUI I C I  :t a -oaix. . - . 01051

0.0
6.4521.00 -

0.0
6.2201—01
0.0

HODAL STAT E DI S? U B B A M C! D I ST P I B U T I O S 5A ~~P X X .  .. .01501 PRIM !

—* .000E+C0

6.9061.03
2.00 01.00 -

0.0

B ELA?!! ! D! STUPBABILITY OP A O RM AL !O L E S . . . . C O 5 (P H I (I ,J ) )

P Ci MODE I BY D I S T U R E A I C E  3

2.236 3— 17 -
2 .88 7 1—01
3. 3801—02
1. 11*1—17
0.0

1051! SPECTRAL 311310! — STAT! DIST0PEASC’ Q

1.1001-07

UAS OB!M1lT SCA LI P O M A T F I X . . .  • I

1.0001.03 0.0 0.0 - 0.0 3.0
S.. 1.900S.00 0.C 0.0 0.0
II 0.9 1.0001.00 0.3 0.0

8001!. l!ASIIUI I I SCALIJO rIl111....I FBI)!!

0.0 —3.1311—01 3.1621—0 1 3.AJ c !-16 —6. 06 90—0 2
0.I ~.122!—01 1.3111—02 —i. .~ 21— 31 6.6*91—li
1.3001.0Q 7.9621-02 1.C631—0i —1.Cc’ )l’ l0 1.1201-12

C-12
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I I LA TIVI ou!l!1BILI1I 0? H O RE AL BOOR S C O S I B E T A ( J , I ) )

FOB BODE I PROM M!A SVPEEEMT 4

0.0 3.43!!_01 3.062 —C1 3.639! 16 6.0491—02
0.0 9.1220— 11 9.jl9’—~~ 4 1.~~220—3I O.( 49 — Cl

- - 
- - 1.0001+00 7.86 .1—02 S .06 3 !— 0 1  l.OC’3!+0O 1.120c.—02

POW!! SPECTRAL DENSIT! — R31131!B!NI N CI S P

2. 14001— 07 0 .3 0 .0
0 . 0  3. l4F 01—0€ 3 . 0
0.0 0.0 2.1.001—05

LIGLNS !SI!P. 0 F I R L O R  OQIATI C I  

CO PL EX £ I G ! I V & L U I (  1) CC NFL! X E I G ! N V E C T O P (  1) - 
-

(—2. 6954147!+OC) +31 1. 1191101.00) (—0 . 0373271) +3 ( 0.01 31527)
( - . ‘~339:21)- ’J(—3. 199352)
( ‘.0 74.-.45).J ( 1.0:13:91)
(—~~.1115’ ~ 1~ ) +3(  0.0095701)
( ,. : - 1 )-.J ( 3.0

?!~~L ! IG0NV ~~L3! ( 1) ~ !AI ! I G I N V !C T O R  I 1) 

(—9.b~ 2791!—l2)+J( 0.0 ) ( ‘.405~396)
( r’~~752497i )
( ‘.05’fl58)
( “.47 14369)
( 0 . ’) )

~ L A L £ I G 0 $ V L L U E  ( 2) ? ;3; E G0%Y ’~C TOR ( 2) 
- 

-

(— 6 .261854 — .~ 7) + J  I 0.0 ) (— .)5752S)
( ~.‘( ~.
(— 0. .~U 667 9)

L ( ‘ .3

B & L  E I G Z X V L L U E  ( 3) P 4 .  0~~ . Y 0 P  ( 3) 

- -I t . (—1.30031.C2. 1) .J ( .4. -)  I ( ~. 12i ”)
( .144~4’75)

(— .0-2391171)
( C .0

COVAPIAN C I  O F 014 ! !S~~~~M A IC) ~ 1 3 10 !. . . .?  
-

5.24121490—!7 6.313s7~ :-c 7 2 .65~~2~~~:- ’1 5. 1~~22~~~:-07 .4.~
6 . 3 1 3 5 7 6 2 — 0 7  .9~~077~~l— ~~ 1.~~9” f ’ r7 ! — ! 7  !. 4~~3 — e 3 Z — ’ 7  o.:
2 .669216!— 7 1. ~1-J ’!’Z—e7 1.13 c—:—:6 2.4 3 ’ 9 7 t — 7  - .
5.1722 9 8 — .7 ..53u1J:— 1 2.11 31c7~ Z—:7 S.0fl~ — 5Z— C7 ~~. ‘

0.0 1.! 0.~

F IL l IP  S I T A D !  5 0 3 0 !  G A l S ’  14

2. 1 63 6 5 3 1. 0 3  1.311i2 1e€!— ’ 1 1.33
2 . 63 0 6 5 72 . 0 3  l . 5 6 5 1 4 5 . ! 0 1  ~~~~45~~~~ 34 ’ .’’

1.1117572.oO 3.19 22 -.!— C2 ~.652~~7 ’o—’22.18311511!.03 2..)2 15 !—:t ¶.~~15le ~~0—!
3.0 C.; ‘.0

C3V 1!:IPC! !! 04! Yo::!3:E.. ..X 1130

I .975776’—3o —6 . 3135761—0 7 — 1 .-‘5226~ !— C14 .11353510~ 00 3.!73l’2!.C6
— * . J I 3 ’ ’ t ! -~~~l 1 . 4 . 46 ~. ! — ~~~ • : . !~~3 !~~: z — : ’ — 1 1 .1 . 1 1~~-.i.!4 — i . i ~ ’~ i~~:— ~~-l .551J491—” . —~~.1t1S9”!—0. 1 .23S1675—Th -~~.431~~)4!—07 —7 .l**’3.!—’7
i.e~~ )1S1—Se ...l11SIl6!— 6 —4.131S76! 07 1 .923523’—O6 2.99736)1—36

— 

P ~~ j l0l!— 06 —l 1l7*ISE—uS —7 1~~~~ $~~ 37 2 9373601—06 1 392963’-05



IITTI~ _ii±
STAT! COVA BTAI C S MATRIX.... ! • I NAT • P

2.399903 1—06 2 .7 344 0 64 !—19 — 7 .6 6 1467 3 1—3 7 ‘ .9 5115 7 3p—~’5 3 . 5 7 3 1 0 2 1 — 3 62.18 ’40 2 21—19 2.1 ’4 2717 !-05 —1.951157 9 !—0 6 — i . 4 9 9 i 3 3 6 1 — ’36 —1. 1 11 7 11131—36
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~ppendix D. Programmer ’s Documentation for SHIPSIM

I. Program Organization

t This programmer ’s documentation does not duplicate the User’s Documentation
for SHIPSIM which is included as Appendix A. The reader should consult Appendix

- 

- 

A before proceeding.

The macro-flow chart for SHIPSIM is shown below.

SHIPSIM input 
I 1 called at •ach- verificetion.output PRIW0 

~ ~of z and a.l.ct.d pr n ~ MAIN
elements of Y input,output called at each LIMITand return to MAINintegration

- .  from integration to check
~~~~~~~~~~~~~~~~~~ called ~~ 

contro 
dependent variable atop condition

plot of selected plot interva l

eLements of Y and &

called to integrate to next
print or plot point or end of
integration Segment

EULER XUDTA-MER$ON

principa l SHIPSOM ath ro utinea

use~—.uppiied subroutines

‘NP ~T ailed once to obtain called at each called at leaet
- problem dependent inp-~t print or plot once each

point as needed integration step
$ 

_ _ _

tabeled ACALC 
• DERIV

[ C~ M.’0X z— g ( Y ,t )  j Y f ( Y , t )

L __ .~~~~~~~~~~~~~~~~~~~~~~~
_ ±  
optional

II. Main Program

The main program may be divided into the following sections: input,
initializ~t,on , input veri f icat ion, integration control, and error processing.

— The input portion calls the user-supplied subroutine INPUT for acquisition
of problem dependent data and reads those SHIPSIM integration and output
control parameters given in the User ’s Instructions (Appendix A).

Initialization begins with the assignment of ini t ial  values to the NEQ2
elements of Y. (NEQ2 is the SHIPSIM equivalent of the INPUT subroutine
variable NEQ.) In the same loop LY , the subscript of the element of ‘1 to be
tested against YTERM for  the dependent variable integration stopping condition,
is assigned. The value of LY is found by matching the character variable
YTEST against the vector of Y-element names Y LABLE . This technique is utilized
frequently throughout the program. PLY and PLZ, vectors containing the
subscripts of the Y and z elements to be plotted , are loaded next using a
similar character matching technique .

All SHIPSIM input is wr i t ten  on I/O channel 6 for user ver i f ica t ion.

JL _ 
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L Integration control begins with a call to PLOT1 for loading of the plot
vector with the initial values of Y. All remaining integration control
operations are enclosed in the DO loop beginning at statement 4ØØ . They are
executed once for each integration segment.

The call to entry PRINT1 in subroutine PRINT results in the printing of
all or selected Y and all z values at the beginning of each segment. For the
first segment these will be, for Y , the values of YØ. NST is the number of
steps (STEP) in the segment, each step being the minimum of the times between
printing and plotting output points. MAIN will call the appropriate integra-
tion subroutine NST times, each time testing to see if printing or plotting
is required. Each call will result in integration over a t~t of one step
(STEP). NPR and NPL are the nearest integer number of steps between each
pair of printing and plotting output points, respectively. One of these
variables must have the value one. Thus printed or plotted output will occur
after each call to an integration subroutine. The statement

IF(MOD(J,NPR).EQ.Ø) CALL PRINT 2

determines whether or not printing is needed at the current time in the run
and if so, prints the values of Y and z. The call to subroutine LIMIT checks
for the limiting value of YTEST. (See the description of this subroutine in
section IV.) After all NIS integration segments are completed , the call to
entry PLOT2 invokes the subroutines in the PLOT DESCRIPTION SYSTEM (*PLOTSYS)
which generate plot files from the integration output data.

MAIN program statements in the 600-699 range read the variable NEXT and
branch accordingly. Statements in the 700—999 range deal with various program
error conditions. As SHIPSIM was written as a batch-oriented program, any
error results in a diagnostic message and termination.

III. COMMON Variables

SHIPSIM contains the following COMMON blocks:

(unlabeled) NEQ2
/OUTPUT/ YLABLE , ZLABLE , TITLE
/COM1/ CPRINT , lOUT , NAC
/COM2/ CPLOT , PLY , PLZ , PLN

These COMMON variables have the following definitions :

CPLOT vector of labels of variables for which plots are ~
— -

desired , dimension (9) with only (PLN ) used .

CPRINT vector of labels of variables to be printed , dimension - -

( 9 ) .

lOUT output format switch ,
=1 for tabular output
=2 for vectorial output

MAC dimension of z

NEQ2 dimension of

PLN number of plots desired , dimension of CPLOT

D—2
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PLY vector of subscripts of the elements of Y to be
plotted, dimension (9).

P12 vector of subscripts of the elements of z to be plotted,
dimension (5).

TITLE User’s 72 character title, dimension (9).

YLABLE labels for NEQ elements of Y , dimension (25 ) .

ZLABLE labels for NAC elements of z, dimension (5).

All real variables above are double precision. As the library subroutines 
-

used in SHIPSIM subroutine PLOT require single precision arguments, the
/COM2/ variables in that subroutine will have dimensions of two times those
given above.

Iv. Subroutine Descriptions

The SHIPSIM subroutines are described here in alphabetical order. The
— 

designation (I)  after a subroutine calling argument indicates that the quantity
is input to the subroutine; (0) indicates that the quantity is returned to
the calling program .

ri 1. NAME : DFEQKD

PURPOSE : This subroutine integrates from T to T+STEP by
Kutta-Merson variable step—size integration.

CALLING SEQUENCE: MAIN , DFEQXD

ARGUMENTS: NEQ dimension of Y (I)
X independent variable (I)
FIRSTP initial integration (I)

step-size
• STEP time interval through which the equations

are to be integrated. (I)
Y vector of dependent variables (I/O)
FUNCT name of subroutine which calculates

derivatives of Y. CI)
EPS maximum permissable relative

error. (I) -

AB maximum permissible absolute error. (I)
NCtJTS maximum number of times the step-size

may be halved before the error return
is taken. (I)

STPSZ ~ .TRUE . , integration progress is
printec~i at each step.

~ .FALSE., printing is suppressed . (I)

SUBPROGRAMS CALLED : FUNCT

COMMENTS : An initial call to DFEQ1~ with EPS Ø initializes
HC , the £!~te9rdtion step— size .

D-3
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2. NAME: EULER

PURPOSE: To perform rectangular integration of Y from X to
X+STEP

CALLING SEQUENCE: MAIN, EULER

ARGUMENTS : X independent variable (I)
Y dependent variable vector (I/O)
STEP time interval through which the equations

are to be integrated (I)
FIRSTP integration step—size (I)

SUBROGRAMS CALLED: TEST , DERIV -

COMMENTS : Euler integration is described in Appendix A.

3. NAME: LIMIT

PURPOSE : To terminate the simulation run if Y(LY ) has
reached the user-specified limit YTERM

CALLING SEQUENCE: MAIN, LIMIT

ARGUMENTS: Y the dependent variable vector. (I)
YØ initial values for Y. (I)
YTERN name of the element of Y to be tested.

(I)

COMMENTS: None

- 
— 

4. NAME: PLOT , PLOT 1, PLOT2

PURPOSE : To generate linear-rectangular plots of selected
elements of Y for MTS graphic post-processing.

CALLING SEQUENCE : MAIN, PLOT

— 
- ARGUMENTS : T independent variable . (I )

Y dependent variable vector. (I)
NAC dimension of z (I )
SF scaling factor for plot size. (I)

SUBROUTINE S CALLED : ACALC , PLTSIZ, PLTXMX , PSCALE, PAXIS, PGRID,
PLTOFS, PLTREC , PLIN2, PSYMB , PLTEND , ~XMARG

COMMENTS : This subroutine utilizes the MIS graphic subroutine
library contained in the f i l e  *PLOTSYS . The sub-

routines in this library perform such functions as axis def ini t ion, plot
scaling , labeling, and grid def in i t ion .  For a complete description see ~ TS Vol. 11.

The library subroutines require two vectors for construction of a plot ,
one of values of the independent variable, and one for the dependent variable.
The SHIPSIM independent variable is T , the dependent variables are selected
elements of Y and z .  Values of T are loaded into the vector TP through ENTRY
PLOT 1, one value at each call. This program segment also loads the PLNY ele-
merits of Y and PLNZ elements of z into YPLOT . MP is the current subscript for
TP , LP is the subscript of YPLOT corresponding to the first element of Y and
zto be loaded. To clarify, if Y (2), Y ( 3 ) ,  and z ( 2 )  are to be plotted the
variables and vectors used in PLOT would appear as:

D-4

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —_~------~~~~~~~~~
--.- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-



-- --~
- ~~~~~ -~

—----.
~ —-. — --.--~~~- - — ---—,--~~‘r  r - - _____

—— ~~~~~
—

~~
----,-,- -----.- ----------_

~~
-.---.--—--...--— -.-.-- -- --_-.-.—-.—

~~~ —-~.——— ~
--.-.-- -

PLY. . . . 2, 3, 0’ 0, 0, 0, 0, 0, 0
P12. . . . 2, 0, 0, 0, 0
PLN . . . . 3
PL NY .. . 2
PLNZ ...l

I

TP(MP) LP n YPLOT (n)  contains

MP = 1 1 1 Y(2) at T = TP(l)
2 Y(3) at T = TP(l)

3 3 z(l) at T = TP(l)
2 4 4 Y(2) at T = TP(2)

5 Y(3) at T = TP(2)
6 6 z(3) at T = T P ( 2 )

3 7 7 Y(2) at T = TP(3)

t Entry at PLOT2 occurs after a run has ended . TP (MP ) contains the final
value of T, while HP indicates the number of points for each plot. The

4 *PLOTSYS subroutines are described in MTS Vol. 11 and will not be included
here.

5. NAME: PRINT, PRINT1, PRINT2

PURPOSE: To print the integration results.

CALLING SEQUENCE : MAIN , PRINT
ARGUMENTS: IS integration segment number (I)

T independent variable. (I) 
3

Y dependent variable vector (NEQx1). (I) 
3

SUBROUTINES CALLED: ACALC

COMME NTS : The initial call to PRINT results in the loading of
the vector PRY , with the subscripts of Y to be

printed . This is accomplished in a manner similar to that used for loading
PLY in the main program (see section II of this appendix) . PRN is the number
of elements of Y to be printed .

Entry at PRINT 1 occurs at the beginning of each integration segment.

Entry at PRI NT2 results in the printing of the current value of the
independent variable T and the corresponding values of the selected elements
of Y and z.
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V. SHIPSIM in MTS

SHIPSIM was written for the Michigan Terminal System (MTS). The program
was deliberately structured so as to be as system-independent as possible to
aid in its adaptation to other systems. Only two areas of system dependency
exist. -

Source code was written for the IBM FORTRAI’I IV-G (Extended) compiler.
If this compiler is unavailable, program alterations must be made to suit the
user’s system capability.

Reference was made in sections II and IV of this appendix to the Plot
Description System graphics subroutine library contained in the MTS public
file *PLOTSYS. If the user’s system has a similar graphics subroutine library,
SHIPSIM subroutine PLOT may be adapted to suit. If it is necessary to delete
the plotting capability altogether, the following changes should be made:

Line Number Changes

10 delete
29 delete “PLN” and “SF”
35 delete
36 delete “PLD ( I ) ”
39 change “415” to “315”

delete “DlØ.r ”
45 delete
56—77 delete
92 delete
96 delete
116,118 delete “P L D (I ) ”
125 change “6” to “5”
129 delete
132 ,133 delete
135—138 delete
144,152 change “STE” to “PRD(I)”
146,153 delete “IF(MOD (J,NPR).EQ. 0)”
147,154 delete
161 delete

In addition , the entire subroutine PLOT (lines 286—377)  should be deleted .

Program size statistics given below apply to SHIPSIM with the plotting
capability, as compiled on the Amdahl470/V—6 computer :

Main program 221 source lines
166 source statements
7330 object bytes

Subroutine PRINT 61 source lines
39 source statements

2492 object bytes

Subroutine PLOT 93 source lines
66 source statements -

14 ,480 object bytes 
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Subroutine EULER 22 source lines
17 source statements

- 810 object bytes

Function TEST 11 source lines
6 source statements

404 object bytes

Subroutine LIMIT 17 source lines
• 11 source statements

642 object bytes

Subroutine DFEQKD 99 source lines
97 source statements

4080 object bytes

Total 530 source lines
385 source statements

30328 object bytes
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Appendix E: Programmer ’s Documentation for OPTSIM

I. Program Organization

This programmer ’s documentation does not duplicate the User’s Documentation
for OPTSIM which is included in Appendix B. The reader should consult both
Appendix A: User’s Documentation for SHIPSIM and Appendix B prior to reading
this appendix.

OPTSIM is a group of eight double-precision subroutines which are run
under the control of the SHIPSIM continuous systems simulation program described
in Appendices A and D. These subroutines constitute the INPUT and DERIV
subroutines needed by SHIPSIM. Two of the OPTSIM subroutines RANDU and NDTRI
are taken from the IBM Scientific Subrouting Package available on the Michigan -

Terminal System (MTS ) under NAAS:SSP .

A macro-flow chart for the OPTSIM subroutines running under SHIPSIM is
as follows:

input 
________ 

single call for
verification 

~~ 
INPUT SHIPSIM

SWITCH ,NS ,NC ,NOB ,NG ,NA ,NE I input/initialization ii

_______  ______  

II ____________input 1 II
verification -4 I INPUT1] ~.1, DERIVlJ I SHIPSIMFs ,FE ,GS ,GE ,C ,F ,Hs ,HE,K ,a

_______ OPTSIM

ADERIV~~ 
ENTRY L ~ ca11 at each

I DERIV 
~ 

integration step
-

~~~~ _ _  _

_ _ _ _ _  _ _ _ _ _  ~ LRANDU~

I DISTRE] k0I~~~~~~ 
from IBM SSP -

L~4 NDTRIJ

To obtain input to OPTSIM and perform necessary initialization, SHIPSIM calls 
- -

INPUT once per integration run . Subroutine INPUT reads control and dimensioning
variables and writes the input verification of these quantities. It then calls
INPUT 1 which reads the ten matrices and vectors which define the system, controller,
and estimator (if SWITCH=l) or reads changes to these quantities (if SWITCH=2~ .
INPUT1 writes input verification for all data or changes it reads. IMPUT1 then
calls DERIV1 to transmit the input data. DERIV1 initializes the integer seed
XI for the random number generator and calculates the matrix A from the input
data ; i . e . ,

r.i r 1 1
X l  F5 G5C l x  rwl x

~~~~~~~ (F e+GeC_
~U4e)j ~ 

+ H = A + (1)

J

1~~~ _  
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This completes the problem initialization and control is then returned to
SHIPSIM through INPtJT1 and INPUT.

SHIPSIM calls subroutine DERIV1 at ENTRY DERIV once during each integration
- 

- 
step throughout the simulation. This call is to obtain the derivative vector
YDOT (NEQ) given current values of Y(NEQ) and TIME. The number of integrated
equations NEQ equals the number of system states in x(NS) plus the number of
estimator states in ~ (NE) plus the number of additional derivatives in y(MA). 

-

The correspondence between SHIPSIM and OPTSIM variables and derivatives is as •

follows:

SHIPSIM OPTSIM rx (NS)
Y(NE Q) = X(NEQ ) E 

I ~~(NE )
(NA )

c(NS ) 
~? 

calculated in DERIV
YDOT(NEQ) = XDOT(NEQ) E ~~(NE ) .)

~~(NA) calculated in ADERIV

At each call from SHIPSIM, DERIV1 calls the user-supplied DISTRB subroutine
to obtain the current values for the system disturbance vector w (if
NG~O) arid calls subroutine NOISE to obtain the measurement noise vector v.
Subroutine NOISE calls RANDU to obtain a random number 0. <Y FL <l .  and then
calls NDTRI to produce a random, normally distributed variable with zero mean
and variance one . The standard deviation a is then used to produce a random,
normally distributed variable with zero mean and the desired variance. A new
random number is generated for each element of v. With w and v, the vector
b(NS+NE ) in eq. (1) is then calculated within DERIV1. DERIV1 then premultiplies
the first NS+NE element vector of X (NEQ) by the matrix A and adds this result
to vector b to form the first NS+NE elements of XDOT . DERIV1 finally calls
the user-supplied subroutine ADERIV to obtain ~ and these derivaties are
loaded as the last NA elements of XDOT. The derivative vector XDOT is then
returned to SHIPSIM .

II. COMMON Variables

The OPTSIM subroutines utilize two labeled COMMON blocks which are unique
to these subroutines. These blocks appear as follows:

COMMON/ONE/SWITCH
COMMON/TWO/FS ,FE ,GS ,GE ,C ,GAMMA ,HS ,HE ,K , SIGMA

These COMMON variables have the following definitions :

C feedback control gains matrix; dimension (8,10) with only
(NCxNE) utilized .

FE estimator open-loop dynamics matrix ; dimension (10,10) with
only ( NExNE ) utilized; equals FS if NE=NS .

E-2
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FS system open-loop dynamics matrix; dimension (10,10) with
only (NSxNS ) utilized .

GAMMA system disturbance distribution matrix; dimension (10,10)
with only (NSxNG) utilized.

GE estimator control distribution matrix; dimension (10,8)
with only (NEXNC) utilized; equals GS if NE=NS.

GS system control distribution matrix; dimension (10,8) with
only (NSxNC ) utilized.

HE estimator measurement scaling matrix; dimension (10 ,10) 3

with only (NOB,NE) utilized; equals HS if NE=NS.

HS system measurement scaling matrix; dimension (10,10) with
only (NOB,NS) utilized.

K Kalman-Bucy filter gains matrix. Dimension (10,10) with
only (NExNOB) utilized.

SIGMA Vector of standard deviations for zero mean measurement noise
vector v(NOB). Dimension (10) with only (NOB) utilized.

SWITCH Input control integer. If SWITCH=l all input data is read in
INPUT 1. If SWITCH=2 only changes to data are read in INPUT1
using a NAMELIST read where LIST1 is defined as:

NAMELIST/LI$T1/FS,FE ,GS ,GE ,C,GAMMA ,HS ,HE ,K,SIGMA

III. SUBROUTINE Descriptions

The OPTSIM subroutines are described here in alphabetical order. The
designation (I) after a subroutine argument signifies that the quantity is
input to the subroutine; (0) signifies that the quantity is output of the
subroutine.

1. NAME : ADERIV

PURPOSE : This subroutine calculates up to 5 additional time
derivatives YDOT=f(t,x,&,~ ) which are to be inte-
grated as part of the simulation but which are not

- 
- in x or ~ in eqn. (1). This is a user-supplied

subroutine as defined in the User ’s Documentation
for OPTSIM. A dummy version without executable code
is in file ADERIV.D to allow program loading without -

an MTS error message.

CALLING SEQUENCE : SHIPSIM , ENTRY , DERIV , ADERIV

ARGUMENT S TIME simulation independent variable (I )
x NEQ vector of integrated dependent

variables consisting of x (N S ) , ~~(NE ) ,
and ~~(NA) . ( I )

— YDOT NA vector of additional derivatives (0)
NA dimension of YDOT . (I )
NEQ dimension of X; NS+NE+NA (I)

J E-3
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SUBROUTINES CALLED: Defined by user.

COMMENTS : See User’s Documentation for OPTSIM

2. NAME: ENTRY DERIV

PURPOSE: This entry point in SUBROUTINE DERIV1 calculates
and/or loads the vector of derivatives which are
integrated by SHIPSIM.

CALLING SEQUENCE : SHIPSIM , ENTRY DERIV

ARGUMENTS : TIME simulation independent variable. (I)
X vector of integrated dependent variables

consisting of x (NS ) , ,~(NE) , and ~~(NA) ;
this is vector Y in SHIPSIM; dimension
(25) with only (NEQ) utilized. (I)

XDOT vector of dependent variable first
derivatives with respect to TIME; this is
vector YDOT in SHIPSIM; dimension (25)
with only (NEQ ) utilized . (0)

SUBROUTINES CALLED: ADERIV , DISTRB , NOISE

COMMENTS : See Program Organization. See eqn. (1) for definition
of internal matrix A (20,20) and vector B (20). Only
(NS+NE , NS+NE ) of A and only (NS+NE ) of B are utilized
in any particular run.

3. NAME: DERIV1

PURPOSE: This portion of SUBROUTINE DERIV1 obtains system,
controller, and estimator input from INPUT1 via
COMMON/TWO/ , initializes the random number seed
XI for use in RANDU , and loads the matrix A in
eqn. (1).

CALLING SEQUENCE : SHIPSIM, INPUT, INPUT1 , DERIV1

ARGUME NTS : NS dimension of state vector x (I)
NC dimension of control vector u . (I)
NOB dimension of measurements vector z. (I)
NG dimension of sy tem disturbance vector w. ( I )
NA dimension of additional variable vector ~~. (I)
NE dimension of estimate vector ~~. (I)
NSE NS+NE ( I )
NEQ NS+NE+NA (I )

SUBROUTINES CALLED : none

COMMENTS : see ENTRY DERIV .

4. NAME : DISTRB

PURPOSE : This subroutine calculates the system disturbance
vector w using current values of simulation indepen-
dent and dependent variables. This is a user-
supplied subroutine as defined in the User ’s
Documentation for OPTS IM . A dummy version without

____  
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executable code is in file DISTRB.D to allow program
loading without an MTS error message.

CALLING SEQUENCE : SHIPSIM , ENTRY DERIV, DISTRB

ARGUMENTS : TIME simulation independent variable (I)
X NEQ vector of integrated dependent variables

consisting of &(NS) , x ( N E ) ,  and ~ (NA). (I)
W NG vector of system disturbances w (0)
NG dimension of W (I )
NEQ dimension of X; NS+NE+NA (I)

SUBROUTINES CALLED: Defined by user.

COMMENTS : See User ’s Documentation for OPTSIM.

5. NAME : INPUT

PURPOSE: Reads and writes input verification for input control
integer SWITCH and problem dimensions NS, NC, NOB,
NG , NA , and NE.

CALLING SEQUENCE : SHIPSIM , INPUT

ARGUMENTS : NEQ dimension of integrated dependent variable
vector ; NS+NE+NA (0)

* error return for END OF FILE on I/O device 5
or data input problem.

SUBROUTINES CALLED : INPUT 1

COMMENTS : none

6. NAME : INPUT 1

PURPOSE: Reads and writes input verification for matrices FS,
FE , GS , GE , C , GAMMA , HS, HE, K, and SIGMA . Loads
these matrices into COMMON /TWO !. If NS=NE, the
subroutine reads only FS, GS, C, GAMMA , HS, K and
SIGMA and sets FE=FS, GE=GS, and HE=HS.

CALLING SEQUENCE : SHIPSIM , INPUT , INPUT 1

ARGUMENTS : NS dimension of state vector x (I)
NC dimension of control vector u. (I)
NOB dimension of measurements vector z. ( I )
NG dimension of system disturbance vector w. (I )
NA d imension of additional variable vector ~~. (I)
NE d imension of estimate vector *. (I)

NSE NS+NE ( I )
NEQ NS+NE +NA ( I )

SUBROUTINE S CALLED : DERIV 1

COMMENTS : none

7. NAME : NDTRI

PURPOSE : Retu rns a zero mean , normally distributed variable
with variance one given O.~ YFL<1.0. IBM Scientific
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Subroutine Package subroutine.

CALLING SEQUENCE : SHIPSIM , ENTRY DERIV , NOISE, NDTRI

ARGUMENTS : YFL input variable (I)
X output variable (0)
D output density F(x ) ; not used here (0)
IER error code which equals 1 if YFL<O , or

YFL>l. ;  not used here since RANDU will
return YPL in the required range (0)

SUBROUTINES CALLED : none

COMMENTS : See IBM Scientific Subroutine Package documentation
for additional details and listing.

8. NAME: NOISE

PURPOSE: Calculates random measurement noise vector with
standard deviations given by SIGMA.

CALLING SEQUENCE: SHIPSIM, ENTRY DERIV, NOISE

ARGUMENTS: SIGMA NOB vector of measurement noise standard
deviations from zero mean (I)

V NOB vector of measurement noise (0)
NOB dimension of measurement vector (I)
IX integer seed for random number generator

(I)

SUBROUTINES CALLED: RANDU , NDTRI

COMMENTS: Updates integer seed IX to IY af ter each call to
RANDU.

9. NAME : RANDU

PURPOSE: Generates a random number O.<YFL~l.O. IBM Scientific
Subroutine Package subroutine.

CALLING SEQUENCE: SHIPSIM, ENTRY DERIV , NOISE, RANDU

ARGUMENTS : IX input integer seed (I)
IY output integer seed for next call (0)
YFL random number O.<YFL<l.O (0)

SUBROUTINES CALLED: none

COMMENTS : See IBM Scientific Subroutine documentation for
additional details and listing .
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Appendix F: Listing of SHIPSIM

I C
2 C... UNIVERSITY OP MICHIGAN
3 C.. DEPANTIqEIIT OF NAVAL ARcHirecrukE AND MARINE ENGINEERING
4 C .. CONTINUOUS SYSTEMS SIM JLATI O% PRQC UM
5
6 IMPLICIT RE A L~ 8 ( A — H . O - S )
7 COIIMO I NEQ2
I coNMoN/ourPuT/yL~aLc , z LAstc , TIrLe
9 COMMOW/COM1/CPHINT(9).IOur.NAC

LI COMMON/COM2/CPLOT.P[.Y.PLZ.Pt.N
11 INTEGER PRN .PLLP RY.PL.N.PLZ
12 LOGICAL TEST
13 EXTERNAL DERIV
14 DIMENSION T F ( 5 ) .  METHOD(S). PRD(5). PL.D(5). AB (5). EPS(5).
15 • NCUTS (5). Y (25). Z (5), Y0(25) , FIRSTP (5). OY(25)~16 * Y L A B L E ( 2 5 ) .  TITLE(9)~ ZLABLE( 5), CPLOT (9)~ PLY (9), PLZ(5)
1) DATA ?,Y ,Z/31*0./, NETHOD/5*0/,AB ,EPS/10*6./,NCUTS/6/.NEXT/4/
16 NAMELIST/DATA/TITLE~ ZLADLE .Z.NAC ,Y.TF .METNOO.PRD ,PLD ,AB ,EP$.NCUTS
19 . YI ,PXRSTP.NIS.SF,YTSST.YTERM.CPRINT.CPLOT.pLN,XOUT
20 C
21 C . .  • FORMATTED DATA INPUT
22 C
23 116 CONTINUE
24 WRI TE (6. 2006)
25 2000 FORMAT(’lUNIVERSITY OF MICHIGAN DEPARTMENT OF NAVAL ,
26 * ARCHITECTURE AND MARINE ENGINEERINC /
27 * ISHIPSIM CONTINUOUS SYSTEMS SIMULAFION PROGRAM’//)
28 IF (NEXT .EQ. 4) CALL INPUT(NEQ2 . &999
29 READ(4.128.ERR—800)NIS.NAC.IOUT,PLN,SP.TITLE
30 RCA D(4 ,121,ES~R—B1~ ) (Yt.ASLC(1), I—i. NEQ2)
31 READ(4,125,ERR—820) (Y0(I),I—1 ,NEQ2 )
32 READ (4 .126 ,ERR—830) YTEST. YT ERM
33 IF (NAC.Gr. 0) READ(4 , 121, ERR— 840) (Z[.ABLE(I). 1.1. MAC)
34 IF (IOUT .CQ. 1) READ (4,122 ,ERR—8 5O) CPRINT
35 IF (PIN .GT. 0) READ~4,128,ERR.86O) (CPLOT(I). I—1.PLN )
36 READ(4.123 .ERR—870 ) (l1ETkJ3D(I),TF(I),rIRSTP(I),PRD(I)~~PLD (I ),
37 * EPS(I),A8 (I),NCUTS(I), I—1.NIS)
34 C
39 120 FOR.MAT(415,D10.4/9A8 )
46 121 FORMAT(8(A8,2X))
4]. 122.. FORMA~t(9A8)
42 123 FORMAT(tS.D10 .2.010.6,2D5.2.2D10.6,15)
43 125 FOR7IAT(7D10.4)
44 126 FOR MAT (A8.D10.4)
4~ 128 FORMA?(7(A8.2X))
46 130 CONTINUE
47 C
48 C . .  • ASSIGN I N I T IA L  VALUES
49 C
SI L10
51 206 DO 25~ I—I,NEQ2
52 Y(I)—YS(1)
53 IF (YLABLC(I> .50. flEST) LY—I
54 258 CONTIN UE
55 C
56 C... COt1~ 1’KUCT PLY AND PLI VCCTORS (~ UDSCRIPTS OF Y AND B TO BE PLOTTED).57 C
54 k 1
59 00 26i1 1—1 ,9
60
61 DO 255 ]—1.NE02
62 IF (CPL OT(I )  .ME. YLADLE(3)) GO T~ 255
63 K.K+1
64 PLY (K) 3
65 255 CONTINUE
66 260 CONTINUE
67
66 DO 262 I 1,S
69 PLZ (I)—J
70 262 CONTI NU E
71 DO 270 1 1 . PLN
72 D3 265 3.1,NA~73 It (CPLOT(I) .ME . ZI.ABLE (J)) GO TO 265
74
73
76 263 CONTINUE
77 276 CONT INU E
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78 C
79 C . . .  INPUT VERIFIC ATION
$0 C
$1 I? (NEXT •CO. 2 .OR. NEXT .EQ. 5) CALL INPUT(WEQ2. ~999)$2 WR I TE (6 .204 0) TITLE
83 2040 FORMAT (LH— .9A8)
$4 WRITE (6.2001) (YLABLE(I). YI (I),I—1,NEQ2)
85 IF (MAC .EQ. 0) GO TO 203
$6 W RI T E (6 .2002)
67 WRI T C(6 ,2403) (ZLABLE(I), 1 1 , NAC)
$8 203 CONTINUE
$9 205 CONT ’NUE
98 C
91 210 IF (lOUT .EQ. 1 ) CALL PRINT
92 IF (PLN .GT. 0) CALL PLOT
93 IF (lOUT .EQ. 1) WRITE (6,2010)CPRIN?
94 IF (t OUT .EQ. 2) W R I T E ( 6 , 2 0 1 0 )  ( Y L A B L E ( 1 ) .  I •1 .NEQ2 )
95 215 CONTIN UC
96 220 IF (PIN .GT . 0) WRITE(6 , 2 62 0)  ( C P L O T ( I ) .  1 1 ,PLN)
97 225 CONTIN UE
98 IF (LY .GT. 0) WRITE (6,2030) YTEST, YTERM
99 C
188 2001 FORMAT (1H_ ,3X ,35H* * * VARIABLES AND INITIAL VALUES: /-
161 • 7(1BX.4(P.8.39 .09.3.2X)/))
102 2002 FORM4T(1U— ,3X ,~~ * * AW C I L X A R Y  VAR IAB L ES: / 1R
183 2003 FORNAT(1LIX.5(A8.2X)//)
104 2010 FOR.IA T (IH— , 3X ,31H* * * VARIABLES TO BE PRINTED: , SX , 6(A$ .2X )/

• 105 * (40X ,6(A8,2X)))
106 2020 FOBMAT(1H-, 3X ,31H* * * VARIABLES TO BE PLOTTED: , 5X, 6(A8 ,2X)/

• 107 ( 39X , 6(A8. 2X)))
11$ 2030 FON.MAT (1H~ ,3X , * * * LIMITING VALUE OF ,A8 IS ,D10.4)
109 C
110 300 CONTINUE
111 C
112 C... INTEGRATION PARAME TE R CHECK
113 C
114 330 WRITE(6,3030)
115 DO 332 T~ 1. HiS116 IF ( M E I H O D ( I )  .EQ. 1) W R I T E ( 6 , 3 0 3 2 )  I , T F ( I ) ,  P R D ( I ) ,  P 1 .0(I ) ,
117 • FIRSTP(I)
118 IF (METHOD(I) .CQ. 2) WRITE (6.3034) I. TF(I), PRD(I), P1.0(I),
119 * FIRSTP(I), EPS(1) AB (I), NCUTS(I)
126 332 CONTINUE
121 3030 FORMAT (1H— , 3X , 38H * * INTEGRATION CONTROL PARAMETERS: /
122 1HO ,9X ,’SEGMENT MCTHOD’,4X , T F ,1OX . PR0 .9X, PLD .8X. FIRSTP
123 6x , EPS .9x. AB .7x. NCUTS /1H )
124 3032 FORMAT (1H ,12X ,I1, 5X , CUL1R .4(2X .010.4))
125 3034 FORMAT (1H .12X,Il. SX , k—M ‘.6(2X ,D10.4),3X ,12)

126 C
127 C... INTEGRATION coNrRoc.
128 C
129 I F ( P L M  .OT. I)  CALL PLOT1(T ,Y0 ,NA C )

• 130 400 DO 420 I 1 .  NIS
131 CALL PRINT1(I .T.Y)
132 STEP DMINI(PRD (I), PLD(I))
133 IF (~‘~.N •EQ . 0) STEP—PROd )
134 NST— (TP (t)—T#STEP/2 . )/STEP
135 NPR (PRD (I)+SIEP/2 .)/STEP
136 N P L — ( P L . O ( I ) + ST E P / 2 . ) / S T E P
137 II’ (N P R .EQ . 6) N ) ’R—l
138 IF (N P L .EQ . 0) NPL 1
139 404 CONTINUE
140 IF (M E T H O O t I )  .EQ. 1) GO TO 410
141 CALL DFEQKD (0, ?. F I R S T P ( I ) ,  Y , OER I V . E P S ( I ) .  M d l ) .
142 • NCUTS (I ) . 4704, .FAL S E.)
143 DO 406 J 1.NST

• 144 CALL DFEQKD (NEQ2 , T. STEP. Y. DERIV . EPS(I) . MCI)
145 * NCUTS (I).&704 ,.FAL5E.)
146 IF  ) MOD(3 , N P R )  .E O. 0) CALL P R I N T 2 ( T ,Y )
147 IF (M OD ( J . N P L )  .EQ. 0 .AND . PIN .G T .  0)  CA LL PLOT1(T.Y.NAC)
14$ IF (LY .GT.0 . A N D .  M OD (J , N P R )  .10. 0)  CALL. I I M I T ( Y . Y 0 . Y T C R M . L ? . & 4 6 3 )
149 416 CO~ ?INUC
150 GO TO 46 0
151 410 DO 420 J—1 ,NST
132 CALL E U L E R ( T ,Y , SCIP . F I R S T ? ( I ) ,  & 7 3 B
133 IF (MO D (J . N P R)  .10. 0) CALL ?R I N r 2 ( T ,Y )
154 IF ( M 3 0 ( 3 . N P L )  .10. 1 .AND. PL~ .0?. 0)
155 * CALL PL.3T1(T,Y.NAC)
136 4 19 It  (I! .G?.6 .AND . MOD (3 .N P R )  .10. I)  CALL L I M I T i Y .YI ,YTER M , . Y . 4 4 6 2
157 428 C O : T I N ~ E
15$ 440 ? D k M A ? ( I 2 ’~ A 9 / ( 8 ( A 0 , 2 X ) ) )
139 450 F3RMAT ( 5(D11. 4 ,2X ~~)
160 4fl IF (PL.N .Gr .  0) CALL PL.3T2(SF)
161 C
162 C. . .  USE? VARIASLE S £36 NE XT RUN
‘63 C
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164 5.0 CONTINUE
165 ?1 .
166 C
167 C.. • INPUT OPTION SELECTION
168 C
169 600 REeO(4,612,END—721,ERR—712) NEXT
178 682 PORMATIII)
171 Yr (NEXT .50. 5) GO TO 130

4 172 iF (NEXT .GT . 2) GO TO ill
173 605 CONTINUE
174 610 READ(4,DATh,ERR.716)
175 GO TO 211
176 C
177 C... ERROR MESSAGES
17$ C
179 70 4 WRITE (6,706 )

• 180 706 PORHAT C~
_ *** INTEGRATION STEP SIZE !l~ L.VCD MORE THAN ‘,iei NC(VES TIMES. RUN TERMINATED. )

182 G 0 T0 600
• 183 118 CONTINUE

184 GO TO 601
• 185 712 WRrrE(6.714)

106 714 POR.MATC60H~ DATA INPUT ERROR WHILE READING NEXT AT PROGRAM STEP
187
18$ GO T0 999

• 189 716 WR ITE (6 ,718)
190 718 FORNAT(570— ERROR IN UNFORMATTED D~ 1A INPUT Al’ PROGRAM STEP 614191 *~ )
192 GO TO 999
193 728 WRIrc(6.722)
194 722 £ORMAT (35U_*** CHO OF FILE ENCOUNTERED ON 4.
195 GO TO 999
196 724 W RIIE(6, 726)
197 726 FORMAT(51A_* * ILLEGA L METHOD SPECIFICATION. RUN TERMINATED.

- 198 GO TO 600
199 811 WRITE(6.811)

• 280 801 Y0RMAr (’ ~~“ DA rA INPUT ERHOR 014 4 WIIIL.C READING RECORD TYPE 1 )
• 201 G0T0 999

202 810 NC—]

203 00 TO 980
214 820 E C 4
205 GO TO 900
206 830 iC—S
217 GO TO 900
208 840 KC.6
209 GO TO 9IO
218 850 BC.]
211 GO TO 900
212 860 K C 8
213 GO TO 900
214 870 BC.9
215 911 WRITE(6,910) EC
216 910 PORMA? ( •a DATA INPUT ERROR ON 4 WHILE READING RECORD PYPE’,14)
217 999 CONTINUE
210 1000 CONTINUE
219 STOP
220 SNO
22 1 C
222 C
223 SUBROUTINE PRINT
224 C
225 C . .  • TSIS SUBROUTINE PRIN T S THE INTE GRATI ON RES ULTS.
226 C
227 IMPLICIT REAL’0 (A—H. Q—5)
22$ IMPLICIT INtE GER (3.-P I
229 DIMENSION PRY (9 ,TITI!(9).y(25).YLABI.E(25) .
230 Z (5) ,ZL~BIC(S)231 COMMON NE Q2
232 COPtMOiL/OUtpjI/Yi.~3LE ,ZLABLE ,TITLE
233 C0M.MON/CO~ LfCp RXN?( 9J .IO~JT.~4 1C
234 C
235 C... COMPUTE PRN AND LOAD PRY
236 C
237 DO 20 1.1,9
23$ PRT (I) 3
239 DO 10 J—1 ,N!Q2
240 2? (CPRINT (I) .EQ. YLABLC (J)) PRY(I ) J
241 10 CONTINUE
242 20 CONTINUE
243 DC 30 PRN L,9
244 I? (PRY(PRN ) .50. I) GO TO 40
245 30 CONTINU E
246 P*N 11
24? 40 PUP~~-1
24$ U~~~~I
249 $0 ENTIT PIIRT1(IS.T,?)
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H 250 C
251 C . . .  PRINT INTEGRATION SEGMENT NU$BE2 AND LABELS FOR OUTPUT VECTOR
252 C
253 WRITE (6,105 ) IS
254 105 FORMAT(1H4 .3x, t * * INTEGRATION SEGMENT .I1)

• 255 IF (IOU !’ .10. 1 .AND. NAC .EQ. 0) WRITE (6.110) (CPRINT (I), I—1,PRN )
256 1? (lOUT .EQ . 1 •AN O. MAC .GT. 0) WRITE (6,110) (CPRINT (l), I*1 ,PRN),

• 257 * ( Z L A B L E ( I ) ,  1 1.NAC)
258 It (IOU!’ .EQ. 2 .AND. NAC .EQ. 8) WRITE (6.115) (YL.ABLE(K) ,K—1 ,NEQ2 )
259 IF (IOU!’ .10. 2 .AND. NAC .GT. 0) WRITE (6.115) (YLABLE(K) .K.1 ,NE02).
268 * (ZLABLE(L) ,L—1 ,NAC)
261 C
262 110 I’ORMATC’O TIME ,6X ,9(A8.4X)/1H )
263 115 FORNAT (’OT:IE OUTPUT VICTOR IS: . (T25 ,5(A8,2X)))
264 ~~~TO 120
265 ENTRY PRINT2(T,Y)
266 C
267 C... PRINT VALU E S FOR T. Y , AND 2
268 C

269 120 IF (MAC .0?. 0) CALL ACALC (?,Y .Z ,NPIC)
270 IF (IOU? .EQ. 1 .AND. NRC .10. 0) WRITE (6.125) T.
271 * (Y(PRY(K)), K=1,PRN )
272 IF (IOU? .EQ. 1 .AND . MAC .GT. 0) WRITE (6,125) T,
273 * (Y(PRY (K)),K—1 ,PRN), (Z(K),K—1 ,NA C)
274 IF (lOUT .EQ. 2 .AND. MAC .EQ. 0) WRITE (6,130) T, (Y(K) ,K—1.NEQ2 )
275 I? (IOU? .10. 2 .AND. MAC .Gi’. 0) WRItE (6 ,130) T,
276 * (Y(K) ,K—1 ,NEQ2), (Z(L),L—1.NAC)

a 277 C
278 125 FORMAT (IH .10(D10.4.2X))
279 130 FORI4AT ( 0T— ‘,D10.4,(T25 ,5(D10.4,2x)))

• 280 999 RETURN
281 END
282 C

E. 283 C •
• 284 SUBROUTINE PLOT

285 C
286 C... THIS SUBROUTINE GENERATES A PLOTFILE FOR MTS
281 C GRAPHIC POST PROCESSING.
288 C
289 IMPLICIT INTEGER(O—P )

• 290 REAL* 8 T ,Y ,Y LABLE ,CPLOT ,Z LABLF., Z
H 291 DIMENSiON CPLO’rj3),~tY (9) ,PL2 (5),’rITL (1B) ,TP (300) .Y(25) .YLA(2)

292 YLAB(58) .ZLAB (10~ .YPI.Or(2700) ,Z(5)293 COM MON/ OUTPU?/ YLAB .ZTAB. TITL
294 COMMON/COM2/CPL,OT.P[.Y.PL.Z,PLN
295 C
296 C... INITIALIZE PLOT VECTOR C’l’P AND YPLOT) SUBSCRIPTS
297 C
298 LP—0
299 M P 0

H 300 C
301 C... COUNT NUMBER OF I ELEMENtS TO BE PLOTTED
302 C
303 DO 125 P1.142—1,5
304 IF (PLZ(PLNZ) .EQ. 0) GO TO 130
305 125 CONTINUE
306 PLN Z 6
307 130 PLNZ—PL.NZ—1
308 C
30 9 C. . .  COMPUTE NUMBER OF Y ELEMENTS TO BE PLOTTED
310 C
311 PI.NY PLN—PLNZ
312 RETURN
313 ENTRY PLOT1(T,Y.NAC)
314 C
315 C . .  • LOAD TP A ND YP LOT VEC TORS
316 C

If 317 I F  (PLNY .EQ. 0) GO TO 140
If 318 DO 140 K—1 ,P1.NY

31 9 YPLOT (LP+K )— SNGL (Y(P LY (K)))
320 140 CONTINUE

r 321
322 IF (PLNZ .EQ. C) GO TO 150
323 CALL ACALC (T .Y,Z,NAC)
324 DO 150 K 1,PLN Z

L 

325 YPL.OT (L P- * K)-S:4 G L(z ) PLZ ( i ) )1
326 150 CONTINUE
327 LP-LP+PL4Z
320 NP NP+1
329 TP (MP)-SNGL (TI
330 RETURN
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331 ENTRY PLOT2(SF)
332 CALL. PLTSIS(SF)
333 CALL PLTXMX(1I.75)
334 CALL PXMAR G(8.25)
335 I? (PLHY .E0. I) GO TO 300
336 DO 2oo ic—1. PLIIT
337 C.. • PLO? IN LINEAR-RECTANGULAR COORDINATES
334 C.. • DEFINE X AND Y AXES AND GRID
339 CALL PSCALE(18..I.5,XM IN ,DX,TP(L).NP.1)
340 CALL PSCALE(7 .50.0.5.YMIN.DY.YPLOF(B ).MP.PLN)
341 CALL PAXIS(.75,.75,’TIME’.—4.1I..I,.XMIN.DX.1.0)• 342 YI.A(1) YLAB(2*PLY(K)_1)
343 YLA (2).YLAB(2*PLY(K))
344 CALL PAXIS(.75,.75,YLA(1),8,7.S,90 .,YptIN,oy,1.I)
345 CALL PGRID (.75. .75. .25. .25.40.30)
346 CALL PL’rOFS (XMIM .DX ,YMI N ,DY ,.75,.75)

• 347 CALL PLIREC
348 C . .  • DRAW CURVE
349 CALL PLIN2(TP(1).YPLOT (K),MP.1.PLN,0,I,1)
350 C... PRINT USER SUPPLIED TITLE
351 CALL PSYMB (.15,0.I..125,TITL(1),0.,72)

• • 352 CALL PITE NO
353 204 CONTIN UE
354 IF (P1.1(1 .EQ. 8) GO TO 304

• 355 DO 300 K—1,PLNZ
356 C.. • PLOT ILl LIN EAR—R E CTANGUL AR COORDIN ATES
357 C... DEFINE X AND Y AXES AND GRID
358 CALL PSCALE (18..0.5.XMLN,DX.TP (1).Mp.1)
359 CA LL PS CALE(7 .50,I.5,YMIN.DY.YPLOT(PLNY+K).• 360 * MP ,PLN )
361 CALL PAXIS(.75,.75,’TINC’.—4,10.,I.,XMIN.DX.1.0)
362 YLA (1)—ZLAB (2 PL1 (K)—1)
363 YLA (2) ZLA B(2*PLZ (K 3 )
364 CALL. PAXIS (.75,.75,YLA(1),8.7 .5,98.,yM ipj,DY.1.0)
365 CALL PGRID(.75..75..25..25.48 ,30)
366 CALL PLTOFS (XIIIN ,DX, YMIN ,DY ,.75 .. 75)
367 CALL PLTREC

• 368 C.. • DRAW CURVE
369 CALL PLIN2(?P(1),YPLO? (PLNY+B),Mp,1,pLN,0.I.1)
378 C. .. PRINT USSR SUPPLIED TITLE
371 CALL PSYMB (.75.0.I..125,?ITL(21 ,0.,72)
372 CALL PLTEND
373 3U CONTINUE
374 RETURN
375 END
376 C
377 C
378 SUBROUTINE EUL E R (X .Y .STEP , FIRSTP , *)
379 C
381 C INTEGRATES Y ( X )  FROM X TO X+STEP USING

• 381 C . .  • RECTANGULAR (EULER) INTEGRATION.
382 C
383 IMPLICIT REA L 8 (A—H ,O—$)
384 LOGICAL TEST
385 COMMON NE O2
386 DIMENSION Y ( 2 5 ) .  YD OT(2 5)
387 FIHAL. X+STEP
388 10 CONTI N UE
389 CALL D ERI V (X , Y , YOOT)
390 DO 28 1 1.NEO2
391 Y(I)—Y (I)+YDOT(I) FIRSTP
392 20 CONTINUE
393 X—X+L’IRS?P
394 IF (TESI (X , FINAL. FIRSTP/2.)) GO TO 30
395 GO TO 18
396 30 CONTIN UE
397 RETURN
398 END
399 C
400 C

• 401 LOGICAL FUN CTIO N TCS?(A . B, TOL)
402 C

a 403 C TESTS FOR LOC ALITY OF DOUBLE P R E C I S I O N  REAL. V A R I A B L E S
404 C... WITHIN SPECIFIED TOLERANCE TOV
405 C
406 R1AL 8 A, B, TOL
407 TEST .FALSL.
400 IF (OA 8 S (A -8)  .LT . OABS (T O L P )  TEST -.TRUE.
409 RETURN
410 END

4 .
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411 C
412 C
413 SUBROUTINE LI IIIT (Y,YI,YTERM ,LY ,*)• 114 C .. .THIS ROUTINE TERMINATES THE RUN I? THE VALUE OF
415 C A SPECIFIED ELEMENT OF Y CROSSES YTERM.
416 C YTERM C.IMITING VALUE OF Y ( L Y )
417 C
418 IMPLICIT R E AL* 8 (A-H ,O--$)
419 DIMENSION Y(25),YLABLC (25) ,Y0(25).ZLABLE(5) ,’FITLE(9)

• • 420 COMMOH/OUTPUT/YLABL. E , ZLABLE ,TITLE
• 421 IF ( Y ( L Y )  .GE. YTERM .AND. Y 0 ( L Y )  .L E . YTERM) GO TO 188

422 IF (Y( L. Y ) . 1.E . YTERM .AND . Y 0 ( L Y )  .G E . YTERM ) GO TO 100
423 RETURN

a 424 100 WR I TE ( 6 , 208) YLA B 1.E (LY ) . YTE R M
425 200 FORKA I’ ( - VALUE OF • ,A8 , HAS REACH ED THE LIMITING’ ,
426 - VALUE OP ,D 15.6/ ’  ~~~ R UN TERMINATED. )
427 RETURN 1
428 END
429 C
430 C
431 SUBROUTINE DFEQKD (NEQ,X ,STEP .Y,F.EPS .AB.NCLFTS.*.STPSZ)
432 IMPLICIT REAL 8 (A—H .O—$ ) a

• 433 INTEGER NEQ, NCUTS
434 REAL 8 X ,STEP,Y(3),F,EPS,AB ,YY(3)

• 435 EXTERNAL F
436 LOGICAL STPSZ
437 REAL 8 HC/ 0 . 000/ , F INAL , H2 . H3 .H 6 , 118 , ER R ,TEST , T , H , EPSL ,TE M P
438 REAL. 8 Y1(30).Y2(30).F0(30).F1(30).F2(38)
439 INTEGER I , CUT
440 LOGI CAL DBL
441 50 FORMAT ( THE STEPSIZE  IS NOW~ ,1PD15 .6. • AT TAU — ‘.015.6)
442 68 FORMAT ( •  THE STEPSIZE HAS BEEN HALVED ‘,I3,~ TIMES’)443 I F ( N E Q . N E . 8 )  GO TO 18
444 BC — STEP

- 
• 445 RETURN

446 18 IF(STEP.EQ.0) RETURN
447 IF(HC .EQ.0) NC — STEP

448 FINAL — x+ sr~~449 H — S T E P
450 EPSL — EPS• 451 IF(EPS.EQ.8 .OR.DABS (II) .LE .DABS(HC)) GO TO 15
152 IF(H*HC.LC.0) NC — —NC
453 H H C

• 454 15 T — X + H
455 CUT — NCUTS
456 X — FINAL
457 112 — 11/2 .
458 113 — 11/3.
459 H6 — H/6 .
468 H 8 — H/S.
461 20 IF ( H . G T . 0  .AND. ‘r .GT . FI NA L .OR . H.LT.0 .AND. T.LT.FINAL)
462 C GO TO 4O
463 21 CALL F(T—H ,Y,F0 ,H ,’t—H ,Y)
464 DO 22 I 1,NEQ
465 22 Y1(I) — F0(I) H34Y(I)
466 CALL F (T _ 2 . *H3 , Y1 , F 1 , H ,T_ H , Y)
467 DO 23 I — 1 ,NE Q

• 468 23 Y 1 ( I )  a (F8(I)+F1(I)) H6+Y (I)
469 CALL F (T—2. ’113,Y 1,F1 ,H,T—H ,Y)
470 DO 24 1 — 1,REQ
471 24 Y 1 ( I )  — (F1(I)*3.+F0(I))*118+Y (I)
472 CALL F ( T— 11 2 , Y1 , F2 , H ,T— H , Y)
473 D0 2 5 1 — 1 , NEQ
474 25 Y 1 ( I )  a (F2(I)a4. _F1 (I)*3.+Fl (I))*112 +Y(I)
475 CALL . F ( T ,Y1 , F1, H , T—H , Y)
476 DO 26 I — 1,NEQ
477 26 Y 2 ( I )  a (F211)*4. +F1(I)+F0(I))*H6 +Y (I)
478 IF(EPSL.EQ.0) GO TO 38
479 DBI. — •TRUE.
480 00 35 I — 1,NEQ
481 ERR .DABS (Y1(I)_Y2 (t))*8.2
482 TEST DABS ( Y 1 ( I ) ) 1PSL
483 I F ( E R R . L E . T E S T  .O R.  ER R. L T.AB )  GO TO 34
484 11 — 112
405 T • T—8 2
486 1? (.$OT.STPSZ) GO TO 30
487 TEMP — T- H 2
488 W RITE (6 , 50)  H . TEMP
489 30 C U T . C U T — i
490 It (CUT .GE. 8)  GO TO 31
491 X • T - 0 2
492 WRITE (6 , 60)  NCUTS
493 RETURN 1
494 31 IP(?+I.NE. T) GO TO 33
495
4~ 6 uTu~~ 1

-
• 
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497 33 Il • M/ 2 .• 498 13 — 1/3.
499 16. 8/6 .
500 88 — 11/8.
502 GO ?0 21-• 502 34 I r ( 64.I’ERR .GT .T ES T ) DBL — .FALSE.583 35 CONTINUE
584 - I?( .NOT .DBL) GO TO 38

• 505 8 2 — H
506 H a
507 1? (STPSZ) WRITE (6 ,58) II, ?518 113 - 11/3.• 509 116 — 11/6.
510 • 118 • Il/B.
511 CU? • WCUTS
512 38 00 39 I — 1.NEQ
51 3 Y Y ( I ) — Y 2 ( I )

• 514 39 Y ( I )  —• Y 2 ( I )
515 T - T + H
516 GO TO 20
517 40 IF ( E P SL. E Q. 0) RETURN
518 H C H
519 H — FItl, .L— (?— H )

• 520 IF(DABS (H) .LE.DABS (FINAL)’9.536744D—7) RETURN

521 T— FINAL
• 522 EPSL — 8

523 112 — 8/2.
524 113 • 11/3.
525 86 — 8/6 .
526 H O — H / S .
527 00 TO 20
528 END

HI
j :
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‘1 Appendix GI Listing of OPTSIM Subroutines

H
The two IBM Scientific Subroutine Package subroutines RANDU and NDTRI

are not included here . See IBM documentation for source code listings for
these subroutines. Requirements for the two user-supplied subroutines are
included in the User ’s Documentation for OPTSIM. The source code listing of
the four remaining OPTSIM subroutines are included here.

‘I ~ SUBROUTINE INPU T (NE Q , *)
• IMPLICIT REAL 8 (A—H ,O—$ )

• I 
• REAL 8 K

• • INTEGER SWITCH
- : COMMON/ONE/SW ITCH

COIIMOH/TWO/FS ,FE .GS ,GE ,C ,GAM MA ,HS , HE ,K, SIGMA
DIMENSION FS(10,10),FC(1a ,10),GS (18 ,8),GE(18 ,8),C(8 ,18

* GAMMA(10 ,10),K(10.1)3),HS(18,18).HE(10.10),SI
READ(5,100,5110 500) SWITCH
IF (SWITCH .EQ.2) GO TO 10

• READ (5,110,EN3.500) NS,NC ,NOB,NG,NA ,NE:4 NEQ N S+NE +NA

WRITE(6 .218) NEO
WRITE(6.224) MS

WRITE (6.201)

• WRITE (6.238) NC
WRITE (6.248) NOB
WRITE (6.250 ) HG
WRI?E (6, 264) MA
WR ITE (6, 270) NE
NSE NS+NE

• 10 CALL INPUT1 (N S, NC, NOB . NG ,NA ,NE ,NSE ,NCQ)
RETURN

• 
~. 508 WRITE(6.280)

REINJRI11
180 7( 13 )

‘(613)
7 r( OOPTSIa4 OP!’I’LAL Sr3CHASTIC CONTROLLER SINULATION

(OI IIPUr VERIFICATION NEO - . .13)
• CORDE R OF SYSTEM •~~, I3)

• ONUM3CR OF CONTROLS -~~, I3)
• 

. 
- ONUMOER OF OBSERVATIONS — ‘.13)

1IA T ( ~~0NU14IE~ OF PROCESS NOISE SOURCES —
, .13)

• ~o0 •~~M ATr0N ’ar4oEN OF Aa1~~ILI~~~Y 3 !’%I’ES — ‘ .13)
2 70 FORNA? (~~0ORDiR OF ESTIMATO R - .13)
288 FORMAT (’OE ND OF FILE OR DATA ERROR ’)

END

3VU0VTII1 I000Tl(I3,IC iO$.PS,11.gI,I3,,p1Q)
UPLICI? t!&L~8 (6—1,0—0)I!4L~8 o
Ifl!GTH SUITCU
CO!009/0ft/SII?CI
C00101/?IO/pS,pI.G$,G1,C.GAIN 1,05,Il.g,91016DIiI!ISIOI FSI1O .lO .P!)1O ,1O). GS(lo ,o) ,GE(1O.o), C(,.,O),

•
NAULIS?/LI3T1/Fs. P!.6S.GE,C.G&REI ,IS.!E,E,SIGuI
GO ~O (10 ,160),SWI?CN
VOlT ! (6 200)

• CILL II!?
10 80 2C 1— 1 ,05

RE$D (5,100) (PS (I ,J),J—1 ,J$)
20 COli?I i Jf

09 115(6 ,201)
• DC 25 1—1 ,11

UlI?! (6,I0t) (PS (Z,J),J—I ,IS1
25 courzui

It (IS.ZQ.IZ) 00 TO $0
00 16 I’I,l3

30 CG1?Ii:!~ 
~

V !I•Z (6, 292)
* 00 35 1.1.0!

35 ~~~~~~~~1~1I1) (Vl(I ,J) ,J.1,p!)

80 TO TI

G-l
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$0 conruus
00 60 1—1,11

00 50 0 1 .U
FL (1.3) .F$ (1,3)

38 CO$TZgI~60 COITIRE!
70 C0I11 151

01*0 (5.100) ((65(I,J),J.1.IC),I—1,p3)
VRITE (6.203)
00 73 1 1 ,I$

V IX ?E (6,101J (GS(I,J) ,4 1 ,PC)
73 cowsnu~

1? (IS.E Q. fl) GO TO 80
lEAD (5, 100) ( (G!(I,J ) ,J.1 ,MC ) , X 1 ,I5)
VPIr !(6,2O$)
00 76 X.1,U

VPI~ E (6,101) (G! (I,J).J.1,lc)
76 COITIU!

GO T O II O
IC COITIOSI

DO 104 1.1, 13
DC 90 J.1,IC

GE(I ,J)—G S(I ,J)
90 COOTTVUE
10$ COI?IIUE
110 CO OTI NCE

3160 (5, 100) ((C (I ,J) , J—1 ,V!) ,I.1,JC)
I’ (05.05.83) WRIT Z (6 ,205)
I? (WS .EQ.N !) VaXT Z( 6 ,206 )
00 112 I—1.IC

VP175 (6 ,1O1) (C(I.J) ,J.1,l! )
112 C0117100E

IF (KG.E~ ,Q~ Go 50 115
lE AD (5 , 130) ( ( G A E P I A ( I ,.1) ,J.1 , 00), I.1,pS)
ORIP1 (6 , 207)
DO 114 Ial,I5

01111 (6,101) (GAlI~ A (Z,J),J.1,pG )a
4 Ille COOTIlD!

115 CON?IOOE
P160 (5,130) ((flS(I ,J).J—1 ,Ps),I 1,00B)
11115(6 ,208)
DO 116 1—1 ,501

03115(6,101) (NS(X,J) ,J . 1 ,I3)• Ifl Collilo!
• IF (05.10.85) GO TO 120

R EAD (5,100) ((N!(1,4),J—1, IE),ta1,00$)
08115(6,209)
00 119 1.1,000

VRXL’! (S,lOl) (IT (I,J),J.1,fl)
11$ COITIlU!

• GO 10 150
120 COITI1111

DO 1 3  1.1,501
DO 130 3—1 ,03

HE (1,4) (1,4)
130 C0IT1~~!• 140 COISIHIl E
150 CO0TIJO!

8560 (5, 100) ( (K (X, J) , 3—1 ,000) ,X. I ,JE)
• I? (NS,Nf.ff!) VPI TE(6 ,210)ir (OS. !Q.P 8) VEIT !(6,211)
• DO 153 1—1 ,1!

VPI7! (6 ,1O1) (t(1.3),Jn 1,soB)
153 COKIXIUs

lOLL (5, 100) (SIG06(1) .I—1, Po•~Vh f! ~6, 21 2)
• DO 156 1~ 1,000

IPI?I(6,101) 31016 (1)
• 156 C01 1101

00 10 170
160 PEAS (S,LIS?1)

01111(6 ,53331)
11110(6,102)

170 CAZ.L D ! O I V I ( P 3 . JC.008 ,10,RL , UE , 031 ,310)
1510 18

100 P08165(6512.5)
191 ?0P553(ft15.5)
102 PCVIU(’O’)
200 t O !5IS( ’OII p f l  DOll 1010$: ClICK 301108’)
201 fOE~6T( ’ O3 y ~~ E, 00!! LOO P DY N LOI CS eA1Pt1.. . .?S(p s ,15)’ ,//)202 ?OP5a?(’C!S7IK$?Op OPEl LOOP DY9*.ICS
203 ?O !5&T(•Csy5155 C3OTP OI. CIS~ 9IB~ !IC8 •&TlII....CS (0S,10)’,,/)20$ ?Q35a?(’o!sTI~ a17p COITlOL. DISTIIIOEI3P !AElU....Ge go!,00)’,//)205 ?OI3I?(’Ot’ECOICO CCIT?~~ GA1IS....C(IC,fl)’,//)• ao~ roto ( .r!!L3606 C0fl$C~ G6IJ$....C(IC,J3j’,/~~• 307 ?Ot381(’OSf5Tt! DZ3T011A1CE BI5T0I 38rIo p ! l?UI . . . .G&~~~$ (01,00) ’,‘1/)
2 30 ?C!1aI(’osysS~~ IZASUITIZ$S SC8LIl~209 VOP31T ( ’C !STIZA — OO !!ASOIU!N 1 5065180 B)?$lX.. . . I0(iO$,il) ’,,~~21~ tOl!l ?( ’GK ~~ U$—.qCy FILlEt
311 ?OlIAS(’QIOI W—,,Ct Plilfi G$10S. -...I($5,.0l)’ ,/,,~212 f089A7( ’491$$WU,? $0113 S?*18180 Off Il?1 OUS....1Z &(l0~~ ‘./flno
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SUllOU?Il~ DE RITI  (lS, UC,801,lG,16,Il,151,PZQ)
1815101? !tOL*S (6—U ,0$)
1165*8 0
CO11~OI/SuO/PS,F$,U,C1,C,G6l!A,IS, 11,1,51801
DIIIDSION F5(1O,10),FE (10,10),C5 I10,8),G!(10,8).C(8,10),
• G&.’IBA(10,10),HS (10,10),fl!(10,10),K (13,10),SIGBA(1O),
• V(1O),V(10),A(20,2O),B (20) ,1(25).IDOT(25),!DOT(5)
II • 1001

C •*~~~* PUT PS II 181111101 1 0? & 5*...
DO 2C Ia1,PS

DO 10 3.1,03

10 COITZ$V!
20 COITIHI!
C •S**S 021 •GS’C II PAITITIOl 2 0? £ •*~~*•

DO 50 1 1 ,JS
DO *0 3.1,0!

SUN—S .
DO 30 .J8•1,IC

SOM—SUlI +05(1,38) ~C (4l,J)30 COOT! IDE
A (1,3.15) .500

*0 COIITISUE
50 COITISO!
c S*S ’ S  PUT 8*05 XI PABTITICS 3 0? A •SS*S

00 80 1—1 ,8!
DO 70 J—1 ,IS

• 505— 0.
DO 60 IP.1,001

SU1—SUB+K (I,IP) *55 (IP,J)
60 COllUDE

A (I.W5 ,J).SU8
70 COllillul
80 COITIIU!
C •**5~~ PUT Pt II PAITITICI 4 0? A

DO 100 1.1,1!
DO 90 3—1 ,8!

A (I+NS ,J+IS) •F! (1,3)
90 COOTINUE
100 CONTIIU E
C 5*555 PUT +G! C II P62111101 4 0? A

DO 130 1—1 ,5!
DO 120 .3.1,10

S 01.0.
DO 112 JM.1,lC

SUH—S0f l+G B (I ,J!) SC (38,3)
110 COllUDE

A (1.13,4+ u S )  —1 (1.05,3+ OS) .S0U
12’) CONTIIU!
13’) COOTIUDE
C •‘S*S PUT —K~ HE II 068111101 * 0? £ ••••*

DC 160 1—1 ,1!
DO 150 J.1,U

509.0.
DO 140 1 P 1 ,lOB

SOS—SUM .8 (I,IP)*NE (IP ,J)
1*0 COJITEIDE

A ( I+l3 ,JSIS) 1 (I.HS ,J+IS) — S OS
150 CONTINUE
160 0011110!

$5100,
50151 D E R ! Y ( T I I E ,1, ID0T)

C •SSSS  
~*LCUL1XE B 01070! *SS*SS*e55.Se.**$s***..**...e.*,.5*..• DO 170 1— 1,15!

B (I).0.
170 COlItIS!

I? (P .EQ.0) GO 10 190
COLt DISTlS (lIU,1,U ,JG ,IEQ)
DO 193 I 1 ,IS

DO 100 J 3 1 ,IG
8(I) —3(I) *GA!M& (I,JQ) SI (JQ)

100 0007180!
190 COITIlU !

CE.!. IOIS!(SIGMI,T,IOP,1Z)
00 210 1.1,05

DO 200 JP•1,000
B (:.0s)—s(I.Is) + 1(3,40)50(30)

200 COITIPO!
210 COITUS!
C 55 5*5 CILCULATZ EDO? S•SSSSSSS*S*SS*S ..SSSS*S .S*.**SS .*..S

DO 230 1.1,01!
1007 ( 1) .0
DC 220 4.1,05!

XD OT ( t ) — X D O I (1) +A (1,J) 52 (J)
22C 0011110!

S X D 3 T ( I ) — Z D O ? ( I )  .8(1)
230 0007318!

1? (00.50.0) 00 TO 235
CALL ADUX !(?U1,Z,!DO?,11,IBQJ

235 COITIUt
• DO iSO 1.1,11

100? (1.011) T01? (1)
2*0 COIPlIT?

117801
no
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- SUB100TIIZ IOISB (SI001,V ,100,II)
C **SSSS 1013! GEN!1ATOP ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C S08100SII!S 16100 A ID ID?!! F b I  Ill ISP

DIMENSION SIGRA (lOB) ,0 (105)
00 200 i— i,ooa a

I I CALL RA100 (EI,IY ,YPI)
CALL IDIPI (TtL,I,D,IE!)• • 0(1) • 1*31096(1)
I l — I!

200 COITlIl!
• flTUll

LID

If
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