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ABSTRACT

a program is developed that :omputes the the)catical

performance of sailing yachts given a mathematical model

with which to evaluate the fbrces and moments acting upon

the vessel. This system of equations comprising the

mathematical model may incorporate as nany as six

ilepenl3t variables. In addition, the program has

capabilities that allow for the optimization of the

perfornance equilibriums with respect to as many as three

aiditional variables. No attempt is made to develop a new or

improved model for the forces and moments affecting a

sailboat's performance, instead the emphasis is placed on

the levelopment of a solution technique that can be used

with any model involving six or fewer degrees-nf-freedom.

Bxamples of the program's output as well as the procedures

used to evaluate the pertinent forces and moments are

includel in the appendices.
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NDMENCL ATUR!

F - a principle force.

M - a principle monentw

p - vector of independent variablas.

a - vector of optimization variables.

- vector of errors in eguilibrium ecaations.

S - matrix of "error sensitivities".

V - matrix of partial derivatives of boat speed.

VA - apparent wind speed.

VB - boat speed.

VT - trua wind speed.

S - apparent wind aiQle.

y - true wind angle.

6 - vector of increments to the independent variables.

A - vector of increments used in formation of divided

differences.

Aq - vector of increnents to the optimizatinn variables.

Subscripts

A - denotes aerodynamic.

H - lenotes hydrodynamic.

i - denotes first dimension in 3-D space.

j - denotes second dimension in 3-D space.

k - denotes third dimension in 3-D space.

X - eiotas direction parallel to x-axis.
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NOMENCLATJRE

Y - denotes direction parallel to y-axis.

z - deaotes direction parallel to z-axis.
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Sailing Yacht Performance with Optimization

INTRODUCTION

There exist, for most vehicles of engineering interest,

relatively straightforward and direct means of obtaining

solutions to the problem of computing ste.dv state

performance equilibriums. One exception to this class of

vehicles ,however, is surprisingly also one :f man's iost

primitive, namely waterbourne craft deriving their

propulsion from the relative motion between water and air at

this "ancient interface". It is precisely this mode of

operation, in the interface between two fluids, that causes

the difficulty when attempting to analyze the performance of

such vehicles.

In the absence of a direct means for obtaining the

desired solutions, 3ne must turn to an iterative procedure

by which the forces and moments acting upon the vehicle in

question may be brought into equilibrium. In the past,

procrans designed to perform this sort of iterative

calculation (1), (2) ,(3), (4), have lacked generility. Thus

it was desired to develop a program that would contain the

numerical procedure necessary for bringing the required

number of forces and moments into equilibrium, aMn to lo so

ii as efficient a manner as possible.

It is the purpose of this paper to describe the program

that was written to meet these requirements.
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Sailing Yacht Performance with Jptimization

PROBLEJ 3N:KGROUND

The equations describing the variables affecting the

perfornance of sailing craft ire decidedly nonlinear. Basic

to even the simplest of these mathematical models is the

apparent wind triangle. This series of equations relates the

true wind and the boat's velocity to the apparent wind as

seen in the moving reference frame of the sailboat. Figure 1

illustrates the vector addition of the velocities involved.

The equations describing the trigonometric relationships

depicted in Figure 1 are as follows: <1>

VA = Apparent wind velocity

= /(VTsiny)Z + (VB + VTcosy)'

= Apparent wind angle

= arctan[(VTsiny)/(VB + VTcosy)]

Thus it is apparent that irregardless of the simplifications

made in any model chosen to describe the forces acting upon

the sailboat, the aerodynamics and hydrodynamics of the

vessel will always be coupled viA this set of nonlinear

relationships.

<1> ote should be taken of the fact that this definition
of apoarent wind angle is not the same as that usually
usal aboard a sailing vessel. Onboard instruments are
intended to neasure the angle between the apparent wind
and the boat's centerline. Thus the definitions differ
by landa, the leeway angle. The reason for using the
Dreceding definition will become apparent in the
discussion of the solution technique.

-9-



Sailing Yacht Performance with Optimization

The simplest useful modeling of a sailboat's

performanice equations involves at least two-degrees-of-

freedon (1). More typical models involve three- and Efur-

degrees-3f-freedom, but conceivably someone might want to

extend their mathematical model to encompass a full six-

degrees-of-freedom. When used in this context, each degree-

of-freedom refers to an equation for one of the principle

forces or moments acting upon the sailboat. In addition,

there is a physical variable associated with each degree-of-

freedom. For example, a model that requires the balancing of

lateral and longitudinal forces as well as moments about the

longitudinal axis would be a three-degree-of-freedom model.

Here, the variables associated with each of these degrees-

of-freedon would most likely be: leeway angle, boat speed

and heel angle.

In order to compute a single equilibrium point, one

must solve as many simultaneous equations as there are

degrees-of-freedom; this is the essence of what the program

developed in this paper does. If, however, there are more

variables than equations to he solved, one discovers that

the solution of the equations is a locus of equilibrium

points, the particular solution depending upon the values of

these alitional variables. To illustrate this point,

consiier the three-dearee-of-freedom model mentioned

earlier. If in addition to boat speed, leaviy angle and heel

angle, the model includes the effect of reefing, one can

- 10 -



Sailing Yacht Performance with Ontimization

inagiae that for a given true wind speed and healing, a

sailboat can achieve a new eiuilibrium for each value of

this variable. Clearly, the solution which yields the

maximum boat speed on the prescribed healing is an optimum

solution for that heading in terms of the additional

variable "reefing". Hence, when formulating the procedure

described herein, a routine to enable the program to search

out the optimum equilibrium in terms of "additional"

variables was desired.

A fiaal, but important, aspect of the requirements to

be met by the program developed, is that its equilibriums

should be computed within certain variable limits. These

limits can he of a physical nature or they can be imposed by

validity restrictions of one's model. Clearly, if positive

"reefing" reduces sail area from its nominal value, one must

not allow a solution that involves negative "reefing". This

is an example of a physical limit on the variable "reefing".

If, however, one's athematical model produced unreliable

values of side force for teenay angles greater than 8

degrees, a limit of 8 degrees on the variable leeway should

be imposed for reasons of model validity. In the case of the

latter restriction, if the solution sought lies outside the

limits inposed, the program should inform the user of this

conlitioi and continue to process the next eguilibrium.

- 11 -
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Sailing Yacht Performance with Optimization

SOLUTIJi TECHNIQUE F2R COMPUTING EQUILIBRTUMS

rhere exist several numerical techniques for solvinj

systems of nonlinear equations, all of them iterative in

nature. Though each approach has its strengths and

weaknesses, the Newton-Raphson minimization technique was

chosea because of its speed of convergence.(6) The technique

as adopted for use ia this performance program is sometimes

termed uasi-linearizntion (5). For small systems of

eguations, in this case a maximum of six, the Newton-?aphson

minimization technique was vastly superior to the other

techniques investirated when evaluatel in terms of

computation time.

rhe procedure is really a logical extension to systems

with more than one variable of the well known Newton's

method for finding roots of an equation. In this application

the expressions to be minimized are the "errors" or

differeices betweei the principle aerodynamic and

hydrodvnamic forces and moments. Table 1 presents the

mathematical formulation of the solution process for an

assumed three-degree-of-freedom sailboat model. The

elements of the vector R are the "errors" to be minimized,

in other words, ideally the procedure will produce a vector

o such that the vector of "errors" ,9, is identically zero.

This is rarely the case, however, so convergence tolerances

are set in order that a criterion for determinini a

- 13 -



Sailing Yacht Performance with Optimization

satisfactory solution may exist. Hence, if the incremental

values calculated far the vector 2 are all less than their

prescribed convergence tolerances, the procedure assumes

that it has found a satisfactory solution to the system of

equations.

The matrix IS" in Table 1 is a matrix of first-order

partial derivatives of the vector R with respect to the

indepeniat variables contained ii the vector o. This can be

thought of as a matrix of sensitivies of the vector f to

changes in each of the independent variables.

Tn rler that this minimization procedure nicht be used

by the performance program, the aforementioned partial

derivatives must be evaluated. While it is conceivable that

certain of these derivatives exist in a readily available

aaalytic form, clearly this is not the casa far others. The

programs developed in (1) anl (3) made use of the

analytically determiied partial derivatives where possible,

but had to concede to the need for the numerical evaluation

of the others. Tne might argue convincingly that this is the

most mathematically exact procedure to follow, but for the

sake of computational sinplicity, consistency, and

efficieacy, the author chose to evaluate all partial

derivatives by numerical means. The premise that this method

leads to increased simlicity lnd consistancy is easily

defeniel, however the defense of its efficiency is somewhat

less ob-vious. Here attention is drawn to the fact, that

- 14 -



Sailing Yacht Performance with Optimization

quite often the functions used to model a sailboat's forces

aid nonents in terms of the indepenlent variables are

trigonometric in nature. Thus, partial differentiation of

these functions 3ften leads to increased numbers of

trigonometric functins which must be evaluatel. Since the

expressins for such derivatives are often considerably

longer than the functi3ns from which they came, it is quite

likely tnat it would be quicker to evaluate the parent

fuaction twice and form the numerical approximation to the

desired partial derivative, than it would be to evaluate

both the function and its exact partial derivative once,

since both are required.

kjaia, for the sake of simplicity and speed, the

fnrward difference approximation to the first-order

derivatives was empLoyed. Though this formulation is less

exact than the central difference approximation for

derivatives, it requires one less evaluation of the parent

function. By choosing an appropriately small change in the

value of the independent variable in question, the error in

the approximation of the desired partial derivative can be

kept wituin acceptable limits; consequently the program

chooses a step size based on the required convergence

tolerance for each variable. This procedure has worked very

well in practice.

If at any time during the iterative search for a

solution, the next approximation to the vector n places one

- 15 -



3ailing Yacht Performance with Dptiimization

or more of its elements outsile the bounds of validity for

that variable (recall the discussion of limits on the

indepenhidt variables) the projram simply sets that variable

to its limit value. Since the solution may still lie within

the required linits, this prevents the quasi-linearization

of nonlinear functions from forcing the independent

variables into undefined regions. For instance, an

iaterneliate approxination to the solution of a sailboat's

perfornance in light air might preliit a negative boat

speed. Since the hull drag term might well be undefined or

wrongly lefined for negative boat speed, setting this

variable temporarily to a small positive value prevents the

program from computina erroneous values of hull drag and its

partial derivatives. If, however, a variable remains stuck

against one of its limits for moce than a specified number

of iterations, it is assumed that the solution for that

particular equilibrium lies outside the liMits of confidence

for the nodel, and the program refrains from any further

attempts to seek convergence for that sailing condition.

- 16 -



TABLE I

NEWTON-RAPHSON MINIMIZATION APPLIED TO
THE SOLUTION OF SAILBOAT THREE-DETREE-OF-FREEDOM EQUILIBRIUM

Equations to be minimized:

RI = F - F

R2 = Mx -M
A H

R 3 = FyA-A FyH

Define:

S=[,,B

BR

S=
21ap *

3R
Sal =--

S31 3 R3B?1

BR
S12 = p 2

S ~S22 ar
S 2

BR
32 

ap2

S13 =

3

BR
S -

S23 
B3

3R

S 3 3 = P

s12 S13

S22 s23

S32 S33

Therefore:
-1

512 813

121 s22

S 31 S32 S331

?1 (i+I) = P1 (i) + di, P2(i+l) = p2 (i) + 62 2 p3(i+) = P3 (i) + 63 *

- 17 -
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Sailing Yacht Performance with Optimization

SOLUTION TECHNIQUE FOR PERFORMfNCE OPTIMIZATION

fhare the solution of equilibrium conditions for a

sailboat required that a number of "errors" as functions of

several independent variables be mininmized, the optimization

of a sailboat's performance requires that the boat speed be

maximizel for a given sailing condition. <2> This requires

that all of the first-orier partial derivatives of boat

speed with respect to the additional independent variables

be zero. <3> The author chooses to refer to these additional

variables as optimization variables.

This condition of having all the partial derivatives

equal to zero is not sufficient to assure that the solution

obtained has maximized, rather thin minimized, boat speed.

In practice, however, if the starting point for the solution

process is sufficiently close to the optimum, then the

solutiox determined subsequently will be of the desired

nature. In any event, a sequence of equilibriums may be

readily checked for a tendency towards decreased boat speel.

The solution technique employed for this optimization

is again Newton-Raphson. In tiis application, however, one

needs to use a second-order form of the Newton-Raphson

<2> ere sailiig condition refers to a given true wind
velocity and bearing relative to the direction in which
the boat is travelling.

<3> These are variables not reauired in the determination
of equilibrium conditions.

- 18 -



Sailing Yacht Performance with Jptimization

matrix equation. This is denicted in Table 2, and is

illustrated graphically in Figure 2. Here the necessity for

evaluatiag the first- and second-order partial derivatives

of boat speed by numerical neans is obvious. This time

however, since the approximations to the second-order

derivatives require three or four points for their

evaluation, the first-order partial derivatives are

approximated using their central difference form with no

computational penality. in this manner the order of

magnitude in the approximation error is the same for all of

the oartial derivatives appeariag in the matrix equation.

The formilation of the partial derivatives required for

maximiziaq boat speed with respect to three "optimization

variable3" appears at the bottom of Table 2.

Xt thiis point, it is interesting to note the number of

equilibriums required to evaluate all of the first- and

second-order partial derivatives needed for one iteration in

the optimization Drocess. If only one "optimization

variable" is used, then three equilibrium points are

required to evaluate the first- and second-order partial

derivatives of boat speed with respect to that variable.

This is seen araphically in Figure 3. For two

"degrees-of-optimization" nina evuilibriums are needed to

form all the partial derivatives, but the inclusion of a

tird optinization variable requires only nineteen, instead

of the expected twenty-seven equilibriums. The reason for

- 19 -



Sailing Yacht Performance with Optimization

this is seen in the progression from Figure a to Figure 5.

Since no partial derivative greater than second-order is

ever required, the outermost corners in the

three-dimensional space are never used. Beyond the

three-dinensional case, graphic means for determining the

number of required equilibriums break down, so one must turn

to sone sort of numerical series representatian. It can be

shown that the expression relating the required number of

equilibriums to the number of optimization variables is of

the form illustrated in Figure 6. Clearly the inclusion of

more than two or three optimization variables has associated

with it a very high computational price. For this reason it

was decided to limit the present program to a maximum of

three-degrees-of-aptimization. It should be made clear

however, that this is a restriation imposed by the author,

rather than by any inherent shortcomings in the numerical

procedure.

The process described thus far consists of an

unconstcained optimization procedure, however, as stated

earlier it is desirable to be able to place maximum and

minimum attainable limits on the independent variables. One

method for doing this is the method of sequential

unconstrained minimization (optimization) (7) . This method

requires that a new function for minimization be defined.

Typically this function consists of the orijinal function

minus a "logarithmic penality function". This later term is

- 20 -



Sailing Yacht Performance with Dotimization

aijustei so that the gradients in the vicinity of a variable

limit or boundary are such that they force the solution away

from the boundary. A linear multiplier in front of this

penalty function can then be iteratively reduced so as to

allow the solution to approach the boundary (always from the

same side), if that is where the optimum constrained

s'lution lies. one of the great strengths of this method is

the freedon to choose quite complex variable boundaries. Its

greatest weakness from the standpoint of this program,

however, is the number of iterations reiuirei to obtain an

optimum solution. consequently, a second approach was

soucTht.

The approach adopted is similar to the one used in the

equilibrian solution process. After each iteration, all of

the optinization variables are checked to letermine whether

they have exceeded either their maximum or minimum bounds,

and for any variables found to be outsile their prescribed

limits, two steps are taken. The first, as before, is t set

the value of that variable to the value of the limit

exceedel. The second step is to set an auxillary variable to

a value of 1 or -1, depending in whether it was a maximum or

mininun bound that was exceelel. After these steps are

taken, each variable is checked for convergence.

There are two ways in which each variflle can nass this

convergence test. The first, and most obvious, is for the

variable's value to change less than some prescribed amount.

- 21 -



Sailing Yacht Performance with Optimization

The seconi way for a variable to be considered convergent

upon its solution value, is for the sign of the first-orier

partial derivative of boat speed with respect to that

variable and the sian of its auxilary varible to be the

same. in this case, the implication is that the true, or

unconstrained, optimum solution lies outside the variable

limits, and thus the constrained optimum lies on a boundary

of the allowable variable space. As before, if all of the

variables in the optimization process have not converged

then another iteration towards the solution is initiated.

The process just described is equivilant to setting the

appropriate element in the vector on the right-hand side of

the matrix equation in Table 2 to zero when a variable

exceeds one of its limits, but it requires less bookkeeping.

This is due to the fact that a variable will occasionally

hit ajainst one of its limits during an intermediate step in

the iterative solution process, only to reverse its

direction in a later step. Thus the latter method would

require that during every other iteration, the element in

the "forcing" vector be restored to its true value so that

any tread back into the interior of the variable space night

be detected.

x final two points should be made about the efficiency

of the second-order Newton-Raphson optimization process as

it has been adopted for use _.n this proqran. The first has

to do with the very nature of the technique. Since the

- 22 -



Sailing Yacht Performa ace with Optimizition

matrix f "sensitivities" is composed of second-, rather

than first-, order partial derivatives, as was the case in

the equilibrium solution portion of this program, a

convergent solution to the problem of optimization can be

found with one iteration, if in the neighborhood of that

solution, the change in boat speed with respect to each of

the optimization variables can be approximated by a

quadratic. This fact usually leads to an extremely low

number of iterations required to determine the optimum

values for the variables involved. The second point concerns

constrained solutions that lie on variable boundaries. With

the procedure adopted, an additonal iteration is not

required in the case of the solution being reached by a

variable exceedi-g one of its prescribed limits. For

example, if the only optimization variable involved was

"reefing", as discussed in the example given earlier, and

the optinun solution always lay in the region of negative

"reefing", then a second iteration would never be reguired

ii the determination of the constrained optimum, because the

variable would have passed its second convergence check on

the first iteration.

- 23 -



TABLE 2

OPTIMIZATION OF BOAT SPEED W.R.T. OPTIMIZATION VARIABLES

For three optimization variables, q = [q,,q2 qq], the equation to solved
can be written as follows:

V11  V1 2  V1 3  Aq1I-V 1

V2 1  V2 2  V 23  Aq 2  = -V2

V31  V32  V33  Aq3

9V 92V

Where V = 3VB and V =-B
S aqi 9 3q q

Thus:

T ~.4
[Aq,,Aq2,A 3J 11  V12  V13  1

V21 22 23 -V2

31 32 33 3

And:

q1I(i+l) =q1 (i) +Aqq, q2 (i+l) =q2 (i) +Aq 2 , q3 (i+l) =q 3 (i) + Aq3

Using finite differences:

V(q 2,q3) = i,j,k

V = (V i+ij k- Vi. ljk)/2A1 + 0[(Ai)2)

V1 1 = (V i+l jk- 2Vijk+V + V . )/f(A 1 )
2 + 0[(&1)2]

V12 = (Vi+lj+i,k - Vi-i,j+i,k ~Vi+ij-,k + Vi-l,j-,k)/4AlA2 + 0(A1+A2)2

etc.

- 24 -



BOAT
SPEED

A

B

LOWER

LIMIT

B

UPPER

LIMIT
OPTIMIZATION

VARIABLE

POINT (A,A') REPRESENTS BOTH THE CONSTRAINED AND UNCONSTRAINED
OPTIMUMS FOR THE LOCUS OF SAILING EOUILIBRIUMS REPRESENTED BY
CURVE A. POINTS (B') AND (B) REPRESENT THE CONSTRAINED AND
UNCONSTRAINED OPTIMUMS FOR THE LOCUS OF SAILING EQUILIBRIUMS
COMPRISING CURVE B.

FlGURE 2
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differences.
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differences.
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av 0

aq, (V i+1,Jlk V J-lsj sk )/2A

a 2V 0,A= (V -2V +V i- sjtk )/(AI)2

aq 2 3jj sk tj sk
I

a 2V
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Other divided differences formed in same manner.

THREE DIMENSIONAL REPRESENTATION OF POINTS REQUIRED TO
FORM APPROXItIATIONS TO THE FIRST- AND SECOND-ORDER
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FiGURE 5
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For N less than or equal to 2

(NRI) = 3N

For N greater than 2

(NRI) = 3 1 - (1/3 )( 2/3 )N)(N)J

where (N i)=- N!
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Equilibriums required per iteration vs . number of optimization

variables.
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Sailing Yacht Performaace with Optinization

PROGRA' !IG CONSIDERATIONS

Figure 7 contains a general schematic diagram of the

parformine program's structure. The blocks labeled

?EEFORM( AIN), JPTIIZE and MINIMIZE, are the three

procedures that comprise the computational core of the

program. The remaining block, PMODL, represents the user

supplied procedure which contains the mathematical model to

be used. <4>

Apart from the numerical considerations already

discussel, certain operational guidelines were established

wile writing the program. First among these was the choice

of a programming language. PL/1 was chosen for a number of

reasons. A primary consideration was the need to handle

consilerable amounts of output formating. Because the

program was designel to accept mathematical models with

between two- and sir-1egrees-of-freedom, and to then

optimize the performance equilibriums with respect to as

many as three additional variables, the format of the

printed 3utput had to possess considerable flexibility.

PL/1's many data types, and particularly its capability to

manioulate string variables, made it well suited to handle

the complex formating required. An egually important

coisideration was the efficient manner in which PL/I handles

<4> A letailed description of te form reguiremeats placed
on ?MODL by the main program apears in Appendix B.
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array operations. The very nature of the solution process

requires that operations such as matrix inversion and

multiplication, not to mention element assignment, be

executei repeatedly. The reason for PL/1's superiority over

FORTRAN i this type of operation lies in the different

manner in which the two compilers assign array variable

addresses in core. final, but somewhat less important

reason for choosing PL/1, was its ability to allow the

programmer to allocate variables at execution time. This

feature was used to set array and vector dimensions at the

time of execution, after their size requirements had been

deteriied. In this manner, the program could readily adjust

its solution procedure so as to exactly accomodate the size

reguiremants of the particular mathematical model being

used.

A second guideline set down for the program, was that

it should be compatible with operations in both batch and

tine-sharing environments. In part, this requirement lead to

the file structure chosen. Table 3 shows the seven files

used by this program, and gives a brief statement concerning

their contents.

As indicated, the input to the Drogram was divided into

three sections or files, in order that certain data which

micht be used repeatedly could be stored separately, (for

instance on a maqnetic disc), from the data that changed

with each running of the proaram. Thus the coefficient
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values required by the mathematical model, and the table of

desired sailing conditions, are kept in separate files from

the "execution time options" which are entered in the

standard input file, SYSIN.

?our files were allocated to program output. SYSPRINT,

the standard PL/1 output file, is the "print" file which

contains the majority of the program's output; this is a

printed record of information concerning the models used,

the execution time options employed and the optimized

equilibriums comouted. In addition, for the version

currently running at M.I.T., a page is included that

contains certain statistics to aid in the evaluation of the

procTran's computational efficiency.

The second output file, TERM, is a file solely devoted

to displaying input prompts at the time-sharinq terminal (if

the nrograM is being run under TSO). These prompts pertain

only to data entered via SYSIN. When the program is run in a

batch mode, the file TERM is given a-DUMMY assignment and

hence no output operations to this file are performed.

?ile BUGS, as the name implies, contains any error or

diagnostic messages generated by the program. Errors

pertaiail; to the matrix inversion routine, as well as those

related to a lack of convergence in either of the iterative

procedures, are displayed in this file. <5>

The last outout file, pertains to a third guideline set

for the program. In rder to remain as universally useful as
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possible, without carrying a lot of unnecessary programming

overhead, it was decided not to try and second guess all of

the secondary uses for the data generated by this prorram.

Some examples of common secondary calculations performed by

other iare specialized programs (1)j, (2)s, (3) are: maximum

(and ninimum) speed made good to windward, tabulation of

forces arid moments acting on the rig or hull, and rating

increases (or decreases) needed to sail at a speed assumed

by a ;iren rating rule relative to another "base boat". The

decison was made that these or any other calculations

desired, would be performed by user supplied auxillary

programs with the file AUXDUT as input. The data in this

file, like all of the input files used by the program, is in

a free format. <6> This is accomplished by using PL/1's

"list" directed input/output options. Consequently, most

data items are separated by blanks, and/or commas, while

strinT variables are additionally bracketted by single

quotes. 3asically, the contents of the file AUXZUT is the

same as that of the file SYSPItNT, but where the latter is a

"print" file, the data in AUXIUT wouli more likely be

directed to punched cards or perhaps an on-line storage

device. X final point in defense of the decision to use

<5> Certain of these messages appear in abbreviated form to
the right of the other variables displayed for each
sailing condition in the file SYSPINT. See Appendix A.

<6> 3y using this form of I/0 any machine dependence is
elininated. Such files ace sail to be "stream"
oriented, rather than "record" oriented.

- 32 -



Sailing Yacht PerforMance with Optimization

AUXOUT as input to user supplied specialized programs,

rather than including a number of these procedures in the

main program, is the variety of plotting routines

encountered as one goes from one computation center to

another. Since in all likelyhool, some of the data computed

by a program such as this will be most conveniently viewed

in a granhical form, it would be short-sighted to assume

that plotting procedures includad for use at M.I.T. would be

of use elsewhere.

A final decision that was made before programmina

begaa, concerned the variables to be associatel with each of

the degrees-of-freedom. These pairings are indicated at the

bottom of Table 3. This predetermining of the order of

inclusion for the six independent variables might be

considered somewhat restrictive, but it was chosen to comply

with known existing models. <7> It was felt that any

restrictions imposed by this preset ordering were more than

campensated for by the decrease in programming complexity,

and hence computation time, that could be achieved.

<7> The exception t3 this was the relative vlacement of the
last two variables. Since there was no precedent here,
the author made an arbitrary decision concerning the
variables and their order.
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FIGURE 7
- 34 -
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TABLE 3

A. PROGRAM'S

INPUT

1. SYSIN

2. WINDY

3. COEFF

FILE STRUCTURE

- Title, execution
time options

- Matrix of sailing
conditions, i.e.,
true wind speeds
and directions

- Coefficients used
by the user supplied
routine, PMODL

OUTPUT

1. SYSPRINT - Standard
print file

2. TERM - TSO prompts
for file SYSIN

3. BUGS - Errors and
diagnostic messages

4. AUXOLT- Stream file like
SYSPRINT, for use
with auxillary
programs

B. VARIABLE

1. VB

2.

3.

4.

5.

6.

s RA

Az

e

S TO BE ASSOCIATED WITH EACH DEGREE-OF-FREEDOM

- Boat speed - forces in x-direction

- Heel angle - moments about the x-axis

- Leeway (sideslip) angle - forces in y-direction

- Rudder trim angle - moment about z-axis

- Sinkage - Forces in z-direction

- Trim angle - moment about y-axis
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DISCiUSSION

To date, the program that has been discussed herein,

has beer used to predict the performance of three sailboats

using two different four-degrees-of-freedom models. the

printout for these runs has been included in Appendix A.

The first run was of a more or less conventional

nature. The model used for the two boats in this test run

had foar-degrees-of-freedom, and was designed to roughly

approxinate the experimentally determined farces and moment!

for the wacht "Gincrack". (4) A single degree-off-optimization

with respect to the variable "reef" was employed. In this

case "reef" was defined in the same manner as the linear

reefiuiq function described in (1), with unity indicating no

reefiag aid zero indicating total reefing, or no sail. All

velocities and angles were in feet per second and degrees

respectively. The procedure, PMODL, used for this run is

reproduced in Appendix P, while the contents of the input

files WINDY, 1'FF and SYSIN nay be found in Appendix C.

There are several things to note when viewing the

output From this run. The first is the feature in the

program that allows one to make use of the "geosim"

principle to predict the performance of similar yachts of

differnsr sizes. In this case, two baits hat their

performaice polars calculited using the same geosim model;

one with a characteristic length of 23.8 feet and the other
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25 feet. A second point of interest is the page summarizing

the corpatation statistics. As indicated, the average time

required to compute an equilibrium point was barely in

excess oE four hundredths of a second. This comoares vuite

favorably with the program originally employing the

mathematical model used (4), and its required five plus

hundredths of a second per auilibrium. By comparing the

total nunber of equilibriums computed with the number of

optimizel equilibriums one finds that on the average it

reiuirei less than two iterations to find the optimum

solution for a given sailing condition. This strongly

supports the statements made earlier in the discussion on

techniques for determining optimized equilibriums.

The second run of the performance perdition program

aaain utilized a four-degree-af-freedom model, in fact the

hydrodynrmic portion of the model was identical to that used

in the first run. What made this second ran unique was the

aerodynamic model employed; polynomial approximations to a

sailwina's aerodynamic characteristics.(9) The angle of

attack of the wing, alpha, was the independent variable in

the polyao-nial approrimations, and so it was chosen as the

optimization variable for the run. To the authar's knowledge

a systen ofE this nature has never before been investigated

in such a manner. Unlike the previous run, the optimum

solution for this system neacly always occurred with the

optimization variable between its upper and lower linits.
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Here the number of iterations required t3 determine an

optinuai solution was somewhat higher than before. In

addition, it is particularly interesting to nite that once

during each loop through the file of true wind headings, two

adjacent optimized equilibruims had angles of attack

differia; by approximately fifty-five degrees, thus showing

the power of the second-order Newton-Raphson technique and

its ability to converge to a solution even after passing

throu7lh a nearly discontinuous jump like the one indicated.

Physically this jump corresponds to an abrupt change from

lift- to draa-aerodynamics for the sailwing. rhe procedure,

PMDDL, ind the input deck for this run are reproduced in

Apoendices B and C respectively.
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CLSSIN3 R7MARKS

By ill appearances, the program described in this paper

has met each of the objectives set forth at the

introduction. Despite the generality and application

flexibility achieved by the program, the constant attention

paid to computational efficiency throughout the program's

developneit has yielded a procedure which is as fast, or

fastar, :omputati:nally than the more specialized programs

describel in (1) and (4). All of these programs were run on

the same IB 370-163 at M.I.T., so machine speed is not a

factor in determining the time required to compute a

performiace eauilibrium. Thus, the program which has been

describel herein, has escaped one of the greatest pitfalls

c:Rnomo to most "general" programs.

rn conclusion, it is the iuthor's opinion that the

generality of the program develooed and the ease with which

the nathenatical model describing the sailboat can be

altered, makes this a potentially powerful investigative

tool for the yacht designer and researcher alike.
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I!ho followinq are reduati3n3 of the coiputer output

pcoduc.,el for the two test runs imscribed ia this Pauere Thev

are p r %m- s B. n t e d here in the orler in which thev wer P.

discussed, namely the run with the rm3re c3nventional

four-degrawep-of-freedon nodel f*r-st, foll3wai bv the run used

to investigate the effectiveness of a sii1winq in 1-: w oF a

more conventiona1 rig.
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GEORGE S. HAZEN

SAILING TACHT PERFORMANCE
WITH OPTIMIZATION

SAMPLE FOUR DEGREE OF FREEDOM MODEL WITH ONE DEGREE OF OPTIMIZATIDN

MODEL INFORMATION

BYDRODYNANIC MODEL: GIF HUNGER'S GIMCRACK HYDRO

THE FOLLOWING IS A LIST 3F COEFFICIENTSe AND THEIR VALUES, USED BY THIS MODEL:

Cl C2 C3 C4 C5 CIR
8.6000E-04 3.4000E-03 8.4000E-04 7.10002-02 1.7800E-02 3.4000E-01

AERODYNAMIC MODEL: GIF MUNGER'S GIMCRACK AERO

THE FOLLOWING IS A LIST OF COEFFICIENTS, AND THEIR VALUES* USED BY THIS MODEL:

CSA CHCE
7.5000E-01 7.0000E-01

PAGE 1
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GEORGE S. HAZEl WITH OPTIMIZATION

SAMPLE FOUR DEGREE OF FREEDOM MODEL WITH ONE DEGREE OF OPTIMIZATION

EXECUTION TIDE OPTIONS

---------------------------------------------------------------------------------------------------------------------------------

NUMBER OF BOATS - 2
WITH CHARACTERISTIC LENGTHS OF: 23.80 25.00

DEGREES OF FREEDOM = 4
THE INDEPENDENT VARIABLES ARE: VB, PHI, LAMDA, RUDDER

THE MAIIMUM AND MINIMUM VALUES ALLOWED FOR THESE VARIABLES ARE:
1.2000E+01 4.0300+01 1.2000E+01 3.50003*01
5.0000E-01 -1.0000E*01 -1.2000E+01 -3.5000E*01

THE REQUIRED CONVERGENCE TOLERENCES ARE:
1.0000E-03 1.00003-01 1.0000E-01 1.00002-01

THE VARIABLE TO BE OPTIMIZED IS: REEF

THE MAXIMUM AND MINIMUM VALUES ALLONED FOR THE VARIABLE(S) ARE:
1.0000E+00
3.30003-01

THE REQUIRED CONVERGENCE TOLERENCES ARE:
1.0000E-03

MAXIMUM ITERATIONS ALLOWABLE FOR CONVERGENCE IS 10

TABLE OF TRUE WIND VELOCITIES

1.00003*01 2.0000E*01 3.00003+01 4.00003+01

TABLE OF TRUE RIND HEADINGS

1.80003+02 1.6000E+02 1.40002+02 1.20003+02 1.00003+02 8.00003*01 6.0000E*01 4.0000E+01 3.50003+01 3.0000E+0

2.50003+01 2.0000E+01

VB/VT FOR START-UP IS 3.80000E-01

THE OPTIMIZATION VARIABLE(S) ARE SET TO THE FOLLONING VALUES AT START-UP:

1.00003+00

2

*I
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SAILING TACHT PERFORMANCE
WITH OPTINIZATION

SAMPLE FOUR DEGREE OF FREEDON MODEL WITH ONE DSREE OF OPTINIZATION

CBARACTERISTIC LENGTH * 23.800

VT GAMMA VA BETA ING VB PHI LANDA RUDDER REEF

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

20.0
20.0
20.0
20.0
20.0
20.0
20.0
20*0
20.0
20.0
20.0
20.0

30.0
30.0
30.0
30.0
3000
30.0
30.0
30.0
30.0
30.0
30.0
30.0

40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

180.0
160.0
.140.0
120.0
100.0
80.0
60.0
40.0
35.0
30.0
25.0
20.0

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
35.0
30.0
25.0
20.0

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
35.0
30.0
25.0
20.0

180.0
160.0
140.0
120.0
10090
80.0
60.0
40.0
35.0

6.0
6.2
7.1
8.7

10.5
12.1
13.4
14.1
14.1
14.1
14.3
13.7

14.2
14.5
15.7
17.6
20.3
22.3
24.1
25.2
25.3
25.3
25.2
24.9

22.9
23.3
24.7
26.9
29.7
32.3
34.4
35 *
35.9
36.3
35.9
35.7

31.9
32.3
33.9
36.5
39.
42.2
44.5
45.9
46.1

180.0
146.5
115.6
90.3
70.4
54.2
40.1
27. 1
23.9
20.8
17.6
14.5

180.3
151. 9
125.0
100.9
80.1
62.1
45.8
30.7
27.0
23.3
19.6
15.9

180.0
153.9
128.6
105.4
84.8
66.3
49.1.
32.6
28.6
24.6
20.7
16.7

180.0
154.9
130.6
108.3
88.0
69.1
51.2
34.0
29.8

-4.0
-4.0
-3.5
-2.5
-0.9
0.9
2.6
3.8
3.9
3.9
3.9
3.6

-5.8
-5.6
-4.9
-3.3
-1.2

1.2
3.4
4.9
5.1
5.1
5.1
4.8

-7.1
-6.8
-5.8
-3.9
-1.4
1.3
3.8
5.5
5.7
5.8
5.8
5.6

-8. 1
-7.8
-6.6
-4.3
-1.4
1.4
3.9
5.7
5.9

4.026
4.228
4.584
4.961
5.247
5.374
5.290
4.907
4.740
4.528
4.252
30872

5.778
5.993
6.334
6.673
6.906
6.970
6.824
6.369
6. 174
5.927
5.605
5.159

7.053
7.282
7.603
7.846
7.898
7.773
7.544
7. 122
6.947
6.716
6.403
5.952

8.091
8.330
8.579
8.534
8.314
0.110
7.862
7.430
79259

0.003
0.176
0.703
1.528
2.464
3.217
3.514
3.212
3.042
2.835
2.592
2.309

-0.000
0.696
2.684
5.602
8.733
11.123
11.953
10.847
10.274
9.592
8.804
7.908

0.000
1.560
5.942

12.173
18.560
23.153
23.291
22.232
21 .089
19.735
18.179
16.417

0.000
2.768

10.455
21.050
23.188
23.301
23.303
23.211
23.176

0.000
0.126
0.417
0.743
1.025
1.241
1.402
1.549
1.595
1.656
1.747
1.912

0.000
0.239
0.646
1.038
1.281
1.452
1.688
2.106
2.258
2.443
2.687
3.057

0.000
0.247
0.519
0.581
0.449
0.418
0.910
1.581
1.902
2.288
2.771
3.440

0.000
0.066

-0.112
-0.714

0.114
0.863
1 389
1 936
2.139

0.000
0.017
0.088
0.238
0.446
0.619
0.650
0.492
0.428
0.357
0.281
0.202

0.000
0.181
0.800
1.875
3.129
4.026
4.083
3. 129
2.752
2.332
1.878
1.398

0.000
0.690
2.815
5.976
9.053

10.837
9.925
8.325
7.415
6. 386
5.249
4.012

09000
1.748

'6.622
12. 778
11.695
10.*292
9.341-
8.337
7.987

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.020
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000
1.000
0.981
1.000
1.000
1.000
1.000
1.000

1.000
1.003
1.000
1.000
0.901
0.838
0.823
0.853
0.869
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15 AUGUST *5 SAILING YACHT PEBFORMANCE PAGE

GEORGE S.,fiftEE WITH OPTIMIZATION

SAMPLE FOUR DEGREE 07 FREEDOM MODEL WITH ONE DEGREE OF OPTIMIZATI2N

CHARACTERISTIC LENGTH- 23.800

VT GAMMA VA BETA VMS YB PHI LANDA RUDDER REEF
--- ---------------------------------------- ------------------------------------------------------------------------------------

40.0 30.0 46.2 25.6 6.1 7.039 23.162 2.409 7.561 0.889
40.0 25.0 46.2 21.5 6.1 6.745 23.148 2.804 6.998 0.914
'0.0 20.0 46.0 17.3 5.9 6.324 23.206 3.450 6.241 0.945

- --------------- -------------------------------------------------------------------------------------------------------------

I
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PAGE 5SAILING YACHT PERFORMANCE
WITH OPTIMIZATION

SAMPLE FOUR DEGREE OF FREEDOM MODEL WITH ONE DEGREE OF OPTIHIZATION

CHARACTERISTIC LENGTH 25.000

VT GAMMA VA BETA VHG YB PHI LANDA RUDDER REEF
--------------------------------------------------------------------------------------------------------------------------

10.0
10.0
10.0

- 10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30*0
30.0

40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0
40.0

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
35.0
30.0
25.0
20.0

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
35.0
30.0
25.0
20*0

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
35.0
30.0
25.0
20.0

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
35.0

5.9
6.2
7.1
8.7

10.5
12.2
13.5
14.2
14.2
14.1
14.3
13.7

14.2
14.5
15.7
17.6
20.0
22.3
24.2
25.3
25.4
25.4
25.3
25.0

22.9
23.2
24.6
26.9
29.7
32.3
34.5
35.8
36.3
36.1
36.0
35.7

31.8
32.2
33.8
36.4
39.4
42.2
44.5
46.0
46.2

180.0
146.3
115.3
89.9
70. 1
53*9
39.9
27.0
23.8
20.7
17.6
14.4

180.0
151.8
124.I8
100.7
79.9
61.9
45.7
30.6
26.9
23.2
19.6
15.9

180.0
153.8
128.4
105. 2
84.6
66.1
48.9
32.5
28.5
24.6
20.6
16.7

180.0
154.9
130.5
108.1
87.8
68.9
51. 1
33.9
29.7

-4.1
-4.0
-3.5
-2.5
-0.9
0.9
2.7
3.8
3.9
4.0
3.9
3.7

-5.8
-5.7
-4.9
-3.4
-1.2

1.2
3.5
4.9
5.1
5.2
5.1
4.9

-7.1
-6.9
-5.9
-4.0
-1.4

1.4
3.8
5.5
5.8
5.9
5.9
5.7

-8.2
-7.9
-6.6
-4.3
-1.5
1.4
4.0
5.8
6.0

4.058
4.264
4.627
5.011
5.303
5. 433
5.348
4.960
4.791
4.576
4.297
3.911

5.829
6.048
6.394
6.742
6.983
7.053
6.908
6.445
6.247
5.996
5.668
5.215

7.117
7.350
7.679
7.937
8.011
7.903
7.673
7.239
7.056
6.817
6.494
6.031

8.167
8.409
8.676
8.670
8.454
8.249
7.997
7.557
7.383

0.000
0.168
0.671
1.459
2.355
3.076
3.361
3*073
2.910
2.713
2.480
2.208

-0.000
0.663
2.557
5.342
8.335

10.625
11.424
10.368

9.820
9.168
8.414
7.556

0.000
1.486
5.660

11.618
17.724
22.141
23.283
21.278
20.179
18.878
17.384
15.693

0.000
2.636
9.961

20.090
23.183
23.299
23.302
23.210
23.175

-0.000
0.131
0.432
0.771
1.066
1.292
1.460
1.610
1.657
1.719
1.813
1.983

0.000
0.218
0.679
1.099
1.369
1.558
1.805
2.228
2.380
2.567
2.815
3* 192

0.c00
0.223
0.574
0.681
0.577
0.560
0.921
1.748
2.073
2.465
2.956
3.639

0.000
0.091

-0.030
-0.589
0.079
0.868
1.424
2.004
2,219

0.000
0.017
0.086
0.234
0.440
0.612
0.643
0.487
0.423
0.352
0.277
0.199

0.000
0.177
0.784
1.847
3.095
3.994
4.056
3.107
2.730
2.312
1.860
1. 383

0.010
0.675
2.768
5.914
9.020

10.853
10.563

8. 339
7.419
6.382
5.237
3.995

0.000
1.713
6e529

12.716
12.448
10.961

9.949
8.677
8.504

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.030
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000
1.000
0.996
1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
0.915
0.851
0.836
0.866
0.882
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GEORGE S. HAZEN VITO OPTINIZATION

SARPLE FOUR DEGREE OF FREEDON KODEL VITH ONE DEGREE OF OPTIMIZATION

CHADACTERISTIC LENGTH = 25.000

IT GAMMA VA BETA VG VS PHI LANDA RUDDER REEF

40.0 30.0 46.3 25.6 6.2 7.159 23.161 2.505 8.049 0.93
40.0 25.0 46.3 21.4 6.2 6.859 23.148 2.923 7.449 0.928
40.0 20.0 46.1 17.3 6.0 6.430 23.205 3.606 6.641 0.960



15 AUGUST 75 SAILING YACHT PERFORMANCE PAGE 7
GEORGE S. HAZEN WITH OPTIMIZATION

SAMPLE FOUR DEGREE OF FREEDOM MODEL WITH ONE DEGREE OF OPTIMIZATION

COMPUTATION STATISTICS

---------------------------------------------------------------------------------------------------------

IHE TOTAL NUMBER OF EQSiLIBRIUMS COMPUTED WAS 417, OF WHICH 96 WERE OPTIMUM.
TOTAL CPU TIRE SPENT COMPUTING EQUILIBRIUMS WAS 1760 HUNDRETHS OF A SECOND.
THE AVERAGE TIME REQUIRED TO COMPUTE A SINGLE EQUILIBRIUM WAS 4.220623E+00 HUNDRETHS OF A SECOND.
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GEORGE S. HAZEN WITH OPTIMIZATION

A SAILWI14G USED AS PROPULSION FOR A SAILBOAT

MODEL INFORMAFION

----------------------------------------------------- - ----------------------

HYDRODYNAMIC MODELS GIF MUNGER'S GIMCRACK HYDRO

THE FOLLOWING IS A LIST OF COEFFICIENTS, AND THEIR VALUES, USED BY THIS MODEL:

Cl C2 C3 C4 Cs CXR
8.6000E-04 3.4000E-03 B.4000E-04 7.1000E-02 1.780E-02 3.400E-01

AERODYNAMIC MODELS SAILWING 'OLYNOMIAL AERO IPRINCETONI

THE FOLLOWING IS A LIST OF COEFFICIENTS, AND THEIR VALUES, USED BY THIS MODEL:

CSA CHCE
7.50OE-01 7.0000E-01
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GEORGE S. HAZEN

SAILING YACHT PERFORMANCE
WITH OPTIMIZATION

A SAILWING USED AS PROPULSION FOR A SAILBOAT

EXECUTION TIME OPTIONS

NUMBER CF BOATS a 1
WITH CHARACTERISTIC LENGTHS OF: 23.80

. DEGREES OF FREEDOM a 4
THE INDEPENDENT VARIABLES ARES VB, PHI. LAMDAq RUDDER

THE MAXIMUM AND MINIMUM VALUES ALLOWED FOR THESE VARIABLES ARE:
1.20COE+O 4.OOOOE+01 1.2000E+01 3.5000E01
5.OCCOE-01 -4.0000E001 -1.2000E*01 -3.SOOOE+O1

THE REQUIRED CONVERGENCE TOLERENCES ARE:
1.00GOE-03 1.OOOOE-01 1.OOOOE-01 1.0000E-01

THE VARIABLE TO BE OPTIMIZED IS: ALPHA

THE MAXIMUM AND MINIMUM VALUES ALLOWED FOR THE VARIABLEISI AREs
9.OGGOEtOI

-1.000E01

THE REQUIRED CONVERGENCE TOLERENCES ARES
1.00GE-01

MAXIMUM ITERATIONS ALLOWABLE FOR CONVERGENCE IS 10

TABLE OF TRUE WIND VELOCITIES

1.0000E+01 2.0OOOE+1 3.OOOOE+01 4.0000E01

TABLE OF TRUE WINO HEADINGS

2.0000E+01 2.5000E+01 3.0000E+01 3.5000E+01 4.0000E+01 5.0000E+01 6.0000E+01 T.OOOJE.01 8.0000E+01 9.0000E+31

1.000E402 1.1000E+02 1.2000E+02 1.3000E+02 1.4000E+02 1.5000E+02 1.5500E+02 1.6000E+02 1.6500E+02 1.7000E+02

1.T500E+02 1.SOOOE+02

VB/VT FOR START-UP IS 3.80000E-01 N

THE OPTIMIZATION VARIABLEISI ARE SET TO THE FOLLOWING VALUES AT START-UPS

O.OOOOk+00

PAGE 2
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GEORGE S. HAZEN

PAGE 3SAILING YACHT PERFORMANCE
WITH OPTIMIZATION

A SAILWING USED AS PROPULSION FOR A SAILBOAT

CHARACTERISTIC LENGTH a 23.800

VT GAMMA VA BETA VMG

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

~-10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

20.0
25.0
30.0
35.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
155.0
160.0
165.0
170.0
175.0
180.0

20.0
25.0
30.0
35.0
40.0
50.0
60.0
70.0
80.0
90.0

100.0
110.0
120.0
130.0
140.0
150.0
155.0
160.0
165.0
170.0
175.0
180.0

14.0
14.2
14.3
14.3
14.3
14.1
13.6
13.0
12.3
11.5
10.6
9.6
8.7
7.8
7.1
6.5
6.4
6.3
6.3
5.9
5.8
5.8

25.0
25.2
25.3
25.3
25.3
24.9
24.3
23.5
22.5
21.3
20.1
18.8
17.6
16.5
157.6
15.0
14.8
14.8
14.2
14.0
14.0
13.9

14.2
17.3
20.5
23.6
26.1
33.0
39.5
46.1
53.2
60.7
68.9
18.1
88.5
100.5
114.4
130.1
138.4
147.0
155.6
162.8
111.4
180.0

15.9
19.6
23.2
26.9
30.6
38.0
45.4
53.1
61.2
69.1
78.9
88.8
99.17
11l.6
124.5
138.2
145.3
152.4
158.6
165.1
112.8
180.0

3.9
4.1
4.1
4.0
3.9
3.4
2.8
1.9
1.0
0.0

-1.0
-1.8
-2.6
-3.2
-3.6
-3.9
-3.9
-3.9
-3.8
-4.2
-4.2
-4.2

5.0
5.1
5.2
5.1
4.9
4.4
3.5
2.5
1.3
0.0

-1.3
-2.5
-3.5
-4.4
-5.0
-5.3
-5.4
-5.4
-5.9
-6.0
-6.0
-6.1

VS PHI LAMDA RUDDER ALPHA

4. 150
4.473
4.726
4.931
5.100
5.353
5.520
5.614
5.644
5.616
5.535
5.405
5.231
5.012
4.749
4.457
4.298
4.128
3.944
4.240
4.201
4.211

5.283
5.657
5.9581
6.212
6.433
6.789
7.060
7.252
7*362
1.391
7.343
7.224
1.036
6.781
6.479
6.129
5.931
5.715
6.15
6.089
6.062
6.072

5.995
6.291
6.422
6.424
6.324
5.885
5.211
4.386
3.484
2.573
1.715
0.956
0.325

-0.165
-0.535
-0.805
-0.911
-0.996
-1.027
-0.092
-0.127
0.005

18.275
18.817
19.020
18.911
18.545
17.146
15.080
12.516
9.673
6.763
3.975
1.453

-0.700
-2.494
-3. 920
-5.010
-5.405
-5.588
-0.571
-0.361
-0.443
0.028

3.974
3.519
3.163
2.865
2.607
2.169
1.799
1.473
1.175
0.896
0.632
0.381
0.143

-0.081
-0.294
-0.537
-0.621
-0.140
-0*839
-0.066
-0.092
0.003

5.144
4.308
3.67
3.170
2.748
2.086
1.601
1.239
0.957
0.715
0.474
0.203

-0.114
-0.465
-0.848
-1.281
-1.5 11
-1.740
-0.160
-0.104
-0.129
0.008

0.682
0.820
0.933
1.020
1.081
1.124
1.072
0.942
0.160
0.556
0.357
0.187
0.058

-0*026
-0.013
-0.093
-0.096
-0.095
-0.088
-0.009
-0.012
0.000

3.525
4.142
4.668
5.090
5.404
5.696
5.548
4.981
4.071
2.943
1. 746
0.628

-0.284
-0.895
-1.228
-1*345
-1.331
-1.252
-0.158
-0.098
-0.119
0.007

6.634
7.620
8.349
8.915
9.376
10.089
10o.632
11.072
11.449
11.786
12.104
12.420
12.757
13.336
13.886
14.166
15.494
16.681
19.049
80.351
90.000
90.000

5.689
6.511
7.193
7.795
8.347
9.334
10.172
10.864
11.430
11.912
12.335
12.732
13.326
13.830
14.520
15.679
16.682
18.394
17.445
82.866
90.000
90.000

NOT OPT.

NOT OPT.

30.0 20.0 35.4 16.9 5.3 5.648 27.076 4.748 6.122 1.144
30.0 25.0 35.5 20.9 5.5 6.020 27.265 3.780 1.021 1.350

----------------------------------------------------------------------------------------------------------------------------------
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GEORGE s. HAZEN MITH OPTIMI lA HON 

A SAILWING USED AS PROPULSION FOR A SAILBOAT 

CHARACTERISTIC LENGTH • 2),800 

VJ GA�HA VA BETA VMG VII PHI LANDA RUDDER ALPHA 
----------------------------------------------------------------------------------------------------------------------------------

)0.0 30.0 35.6 24.9 5.5 6.332 27.291 3.042 1.850 l.636
30.0 35.0 35.6 28.9 5.4 6.601 27.226 2.lt36 8.627 2.023 
30.0 40.0 35.5 32.9 5.3 6.857 27.065 1.916 9. 361 2.531 
30.0 50.0 35.2 40.8 4.7 7.)13 26.521 1.0)6 10. 724 3.989 
30.0 60.0 34.5 48.8 3.9 J. 736 25.095 0.350 11.645 6.106 
30.0 10.0 33.7 56.9 2.0 8.111 21.85') -O.C65 11. ','t) 8.110 
30.0 80.o 32.5 65.2 1.5 80420 17.391 -0.212 10. 118 lo. 055 
30.0 90.0 31.2 74.0 o.o 8.6ll 11.941 -0.192 7. 565 ll.296 
30.0 100.0 29.J 8).3 -1.s 8.66) 6.)66 -0.073 4.29ft l2 .155 
JO.O :uo.o 28.2 93.lt -2.9 8.578 1.10-. O.OGl O.lH 12.95z 
)0.0 120.0 26.8 lOlt.3 -4.2 8.356 -3.538 -o.on -2.210 13. 710
30.0 130.0 25.6 116. l -5.2 8.0"3 -T.4BO -0.320 -lt.06'5 14.540
10.0 140.0 24.6 128.5 -5.9 7.665 -10.585 -0.725 -4.928 15.163
10.0 150.0 24.0 141. 3 -6.3 1.ZJZ -12.459 -l.258 -4.924 18.032
30.0 155.0 23.) �47.1 -6.9 Jo59t -0.086 -0.009 -0.044 72.393
30.0 160 .o 21.1 l !:l3. 6 -7.1 7.536 -0.974 -0.104 -0.471 75.285
30.0 165.0 22.9 160.l -1.2 7.480 -1.262 -0.142 -0.60) 79.139
)0.0 170.0 22.1 166.J -7.) 7.436 -0.351 -0.042 -o. !6 7 84.195

n 

30.0 175 .o 22.6 173.4 -7.4 7.418 -0.097 -0.012 -0.046 90.000 NOT OPT. .J 

30.0 180.0 22 .6 180.0 -7.4 7.425 0.012 0.009 a.OH 90.000 

40.0 20.c t,5.lt 17.5 5 ·" 5. ll 7 29.637 4.516 6.951 -2.1 n
ltO.O 2!\.0 45.6 21.e 5.5 6.096 29.254 3. 53Z 7.820 -2.135
ltO.O ::,o.o 45.7 26.0 5.6 6.411 29.226 2.76) e. 151 -z.on
40.0 35.0 45.1 30.2 5.5 6.702 29.042 Z.129 9.611 -1.824
40.0 ltO.O 45.6 34.4 5.3 6.966 28.858 l.571 10.461 -1.549
40. (} 50.0 45.2 42.l 4.8 7.46Z 28.564 0.5 72 12.210 -0.101
40.0 60.G '94.5 5!.l 4.0 7.94l 27.289 -Q.263 l). 751 0.344
ltO.O 10.0 43.6 59.5 2.9 a.426 25.998 -l.099 15.508 2.689
ltO.O 80.0 42 .5 68.0 l.6 8.954 23.405 -1.751 l6.lt60 6.JCl 
40.0 90.0 It 1. l 16.1 o.o 9.4ll n.010 -l.642 13. 773 9.613
It(). 0 1.;0.0 39.5 86.0 -1.1 9. 703 8.435 -0.913 J. 70) 11. 545
'tO.O 110.0 H.8 96. l -).) 9.692 -0.076 o.ooe -a.011 l). )43
ltO.O 120.0 36.2 101.1 -4.7 9.36) -T.883 0.6(16 -6.536 14.969
4u.O 130.0 35.0 1 18.8 -5. J 8.897 -13. JltB 0.581 -9.225 11.725
40.0 lltJ.O 3).8 130.4 -6.7 8.Tlt4 5.613 -0.102 3.919 63.8SZ
40.0 150.0 32.1 142.) -7.6 e.ns 0. 788 -0.011 0.58ft 68.897
40.0 155.0 32.) llt8.5 -7.9 8.692 -0.396 0.004 ·-0.291 73.295
40.0 160.0 32.0 154.7 -e.1 8.633 -l.'t06 0.006 -J.999 76.899
40.0 165.0 31.8 u,1.0 -8.3 8.576 -l.297 -0.002 -:l.906 80.973
40.0 170.0 31.6 167.3 -8.4 8.SJ5 -0.110 -0.001 -0.119 85.171
40.0 175.0 31.5 173. l -8.5 8.518 -0.183 -0.001 -0.128 89.)33 NOT OPT. 
ltO.O 180.0 31.5 180.0 -8.5 e.s21 0.141 0.001 0.099 90.0CO

--------------------------------�-------------------------------------------------------------------------------------------------
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GEORGES. HAZEN 

SAILING YACHT PERFORMANCE 
WITH OPJIMllAJION 

A SAILWING USED AS PROPULSION FDR A SAILBOAT 

COMPUTATION STATISTICS 

.... THE TOTAL NUMBER Of EQUILIBRIUMS COMPUTED WAS 111, Of WHICH 88 WERE OPTIMUM. 

TOTAL CPU TINE SPENT COMPUTING EQUILIBRIUMS WAS 4875 HUNDRETHS OF A SECOND. 
THE AVERAGE TIME REQUIRED TO COMPUTE A SINGLE EQUILIBRIUM WAS 6.274131E+OO HUNORETHS OF A SECOND. 

PAGE 5 



Sailing Yacht Performance with Optimization

APPENDIX B

The procedures containing the mathematical models used

by the two runs discussed in this paper are renroduced in

this appendix. Both procedures were given the name, PMODL,

aid were compiled and link-editel to the main program just

prior to the time of execution.

The requirements placed on the format of the procedure,

PMODL, and its entry points by the main program are as

follows:

1. The procedure PIODL shall have eight entry points with

the labels: P4ODL, MODLIN, ERFX, ERFY, ZRFZ, ER3X, EP Y

and SPMZ.

2. The argument lists for each of the entry points should

be of the form indicated by the two examples reproduced

herein.

3. 3 outines that compute cequired quantities, eg. the

apparent wind triangle, should be included in PODL as

internal procedures. Both examnles show the use of the

sinole procedure TRI which can be used to compute the

apoarent wind speed and angle. (Note the use of the

external variables VTCOSG and VTSING. These variables

have been previously calculated by the main procedure.)

The following is a list of the reguired entry points

and statements concerning each their arguements.

- 54 -
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PIODL: PRCEDURE (EDLNAM,NHCOF,NAZOFDOFDOP)

MDLNU - vector of names given to the aerodynamic and

ydrodynamic portions of the math model; each element

declared as being a maximum of 40 characters in length.

IVI2F - number of coefficients to be input to the

hvdrodvnamic molel.

NAC? - number of coefficients to be input to the

aerodynamic model.

DO? - degrees-of-freedom in model.

2P - degrees-of-optimization in model. If equal to

zern, the variables Q ind OVARNAM should still be

dimensioned -as single elenent vectors.

MODLIN: 7NTTRY (HCOFNAM, HCOFVALACOFNAMNCOFVAL, OVARNAM)

COFNA - vector of names for hydrodynamic

coefficients, NHCO? elements.

HCJFVNL - vector of values read from file 01?FF for the

hydrodynamic coefficients.

A:3?IA', AC3FVAL - like HCY7NAM and HCOFVAL, but for

the aerodynamic model.

VkRNAM - vector of names given to the optimization

variables. DOP elements, declared a maximum of six

characters in length.

EFj, ZPFY, ?RFZ, FRMX, RMYERMZ: ENTRY (QP)

9 - vector of optimization variable values, dimensioned

0.P.

- 55 -



Sailing Yacht Performance with Optimization

P - vector of indenendent variable values, limensioned

DO?.

Not3: ?ach of these entries returns a function value,

in ttis case the value of ERR, or the liff3rence in the

aer. and hydro components of the principla force or

'nomnent equation being evaluated.

- 56 -



U*M11098* 12849a MODEL I* PL I

PMODL:PROCEDURE (MDL4AMj,4HCoFvNACOFqDOF9DOP); 00000010

*/CCGCO030

/* HYDRODYNAMIC AND AERO DYNAMIC MODELS USED To EVALUATE THE */000003040

/* FORCES AND MOMENTS ON THE SAILBOAT. */00000050

/* GIF MUNGER'S HYDRO AND SALL POLYNOMIAL AERGe */COC00060

*/00000070

DCL ACOFNAM(2) CHAR(IO)v OOOCCO90

HCOFNAM(6) CHAR(IO)v 00000100

(ERRPP(4)tQ(l)vACOFVAL(2)tHCCFVAL(6)) 00000110

FLOAT BIN(53)9 00000120

ACOFVALSAVE(2) FLOAT BIN(53) STATIC9 00000130

HCOFVAL-SAVE(6) FLOAT BIN(53) STATIC9 00000140

MDLNAM(2) CHAR(40) v 00000150

(NAC0FqNHCOFtDOFjDOP) 00000160

FIXED BINv 00000170

OVARNAMM CHARM VARYING 9 00000180

(CONSTlvCCNST29CONST39CONST49ONE*TWO) BIN FLOAT(53) STATICv 00000190

(CONST59CONST6tCONSTTtCONST89AFXtAFYtRFY) 00000200

BINARY FLOAT153) STATIC9 00000210

00000220

EXTERNAL VARIABLES ******************/00000230

00000240

(XDIMiVABETApVTSINGIVTCOSG) BINARY FLOAT(53) EXTERNAL; 00000250

00000260

ONE = 1*OEO; TWO = 2.OEO; CONSTI = 1.19E-3; CONST2 = 5.4El; 03000270

CONST3 = 3.OEI; CONST4 = 3.34E-2; CONST5 3.OE1; 00000280

CONST6 = 1.17E-2; CONST7 7.OE-1; CONSTS 1.25EO; 00000290

NACOF = 2; NHCOF = 6; DOF 4; DOP = 1; 00000300

MDLNAM(l) = IGIF MUNGERRIS GIMCRACK HYDROI; 00000310

MOLNAM(2) = IGIF MUNGEROIS GIMCRACK AER09; 00000320

RETURN; 00000330

MODLIN: 00000340

ENTRY (HCOFNAMgHCOFVALgACOFNAMvACGFVAL90VARNAM); 00000350

HCOFNAMM = IC11; HCOFNAM12) = IC20; HCOFNAM13) = IC31; 00000360

HCOFNAM(4) = IC41; HCOFNAM(5) = IC51; HCOFNAM(6) = ICXRI; 00000370

ACOFNAM(l) = ICSAI; ACOFNAM(2) = ICHCEO; 00000380

OVARNAM(l) = OREEF11; 00000390

GET FILE(COEFF) LIST(HCOFVALiACCFVAL); 00000400

ACGFVAL-SAVE = ACOFVAL; 00000410

HCOFVAL-SAVE = HCOFVAL; 00000420

RETURN; 00000430

ERFX: ENTRY (09P) RETURNS(FLOAT SIN(531); 00000440

CALL TRI; 00000450

PHI = ABS(P(2)); 00000460

AFX = CONST1*(VA**2)*ACOFVAL-SAVE(I)*(Q(I)**2)*(XDIM**2)* 00000470

(SIND(SETA+CONST5) + BETA*CONST6 - CONST7)*(COSD(PHI))**Z; 00000480

ERR = AFX 00000490

-XDIM*(HCOFVAL-SAVE(I)*ABS(P(I)**4.8)/(COSO(PHII**2)I 00000500

-XDIM*(HCDFVAL-SAVE(2)*ABS(P(3))*(ONE+SIND(PHI))*P(1)**2) 00000510

-XDIM*IHCDFVAL-SAVE(3)*ASS(P(4))*(ONE+SIND(PHI))*P(1)**2); 00000520

RETURN (ERR); C0000530

ERMX: ENTRY (Q9P) RETURNSIFLOAT BIN(53)); 00000540

CALL TRI; OCOO0550

PHI = ABS(P(2)); 00000560

AFY = CONSTI*(VA**2)*ACCFVAL.SAVE(11*(Q(11**2)*(XDIM**2)* 00000570
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ERFY: 

ERHZ: 

ERFZ: 

ERHY: 

((C0SDC8ETA/C0NST8-CONST2))**2J•COSOIPHl)**2; 
ERR= XOIM*AC0FVAL_SAVEC2)*AFY/C0SD(PHI) 
-(XDIH**4}•CONST4*l0NE+COS0lPHl)t*SINDCPC2)t; 
RETURN (ERR); 
ENTRY (QvP) RETURNSCFLOAf 61Nl53)); 
CALL TRI; 
PHI = ABS(P(2)); 
AFY = CONSTl*CVA**2)*ACOFVAL_SAVEC1)*(0(1)**2)*CXOIM**Zl* 
ClCOS0(8ETA/CONST8-CONST2))**2J•COSOCPHl)**2; 
RFY = XDIM•(HCOFVAL_SAVEC5)*P(4)*(0NE+Sl~O(PHIJJ*P(l)**2J; 
ERR= AFY - RFY - XDIM*CHCOFVAL_SAVEl4)*P(3J*CONE+SlNO(PHI)) * 
p ( 1) **2,; 
RETURN (ERR) ; 
ENTRY (Q,P) RETURNS(FLOAT 8INl53)1: 
CALL TRI; 
PHI = ABSCP(2)); 
AFX = CONSTl*(VA**2J*ACOFVAL_SAVEllJ*(0(1)**2l*fXDIM**2)* 
(SINDIBETA+CONST5) + BETA*CONST6 - CONST7)*(C0SOCPHI))**2; 
RFY = XDIM*(HCOFVAL_SAVE(5J*P(4J*(ONE+SIND(PHI))*P(l)**2); 
ERR= XOIM•ACOFVAL_SAVE(2)*S1ND(PC2))*AFX 
-X0IM•HCOFVAL_SAVE(6)*RFY: 
RETURN (ERR); 
ENTRY (Q,P) RETURNS(FLOAT 8IN(531); 
RETURN ( O. OEC); 
ENTRY (Q,P) RETURNS(FLOAT BIN(53)); 

OOOJ0580 
00000590 
OOCC0600 
00000610 
00000620 
OCOC0630 
00000640 
00000650 
00000660 
00000670 
00000680 
00000690 
00000700 
00000710 
00000720 
OOC00730 
00000740 
00000750 
00000760 
00000770 
00000780 
00000790 
000008CO 
OOCOOBlO 
00000820 
00000830 RETURN (O.OEO); 

/********************* WIND TRIANGLE 
PROCEDURE; 

•**************************/00000840 
TRI: 

VA= SQRT((P(l) + VTC0SG)**2 + VTSING**Z); 
IF ABS(P(l) + VTCOSG) < l.OE-8 THEN BETA= 90.0; 
ELSE BETA= ATA~DCVTSING/(P(l) + VTCOSG)); 
IF BETA<= o.o THEN BETA= BETA+ 1ao.o; 
RETURN; 
ENO TRI; 
ENO PHOtli 
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U*Ml1098al2849*MODELIoPLI

PMODL:PROCEDURE (MDLNAMqNHCOFqNAC0FvDOFtD0P); 00000010

*/00GC0030

/* HYDRODYNAMIC AND AERO DYNAMIC MODELS USED TO EVALUATE THE */00000040

/* FORCES AND MOMENTS ON THE SAILBOAT. */00000050

/* GIF MUNGERIS HYDRO AND SAIL POLYNOMIAL AERO, */00000060

*/00000070

DCL ACOFNAM(2) CHAR(10),v occcoo9o

HCOFNAM(6) CHAR110)9 00000100

(ERRtP(4)tQ(l)tACOFVAL(2)vHCOFVAL(6)) 
00000110

FLOAT BIN(53)9 
00000120

ACOFVALSAVE(2) FLOAT BIN(53) STATIC9 00000130

HCOFVAL-SAVE(6) FLOAT BIN(53) STATIC9 00000140

MOLNAM(2) CHAR(40) * 00000150

(NACOFjNHCOFtDOFv0OP) 00000160

FIXED BINv 
00000170

OVARNAM(l) CHAR(6) VARYING v 00000180

(CONST19CONS'l"29CONST3,CONST4vCNEvTWO) BIN FLOAT(53) STATIC9 00000190

(CONST5,PCONST6,PCONST7#CONST89AFXtAFYtRFY) 
00000200

BINARY FLOAT(53) STATIC9 
00000210

00000220

EXTERNAL VARIABLES ******************/00000230

00000240

(XDIMIVAPBETAtVTSINGtVTCOSG) BINARY FLOAT453) EXTERNAL; 00000250

00300260

ONE = 1*0E0; TWO = Z.OEO; CONST1 = 1.19E-3; CONST2 = 5.4EI; 03000270

CONST3 = 3-0E1; CONST4 = 3*34E-2; CONST5 3.OEI; 00000280

CONST6 = 1.17E-2; CONST7 7.OE-1; CONST8 1.25EO; 00000290

NACOF = 2; NHCOF = 6; DOF 4; DOP = 1; 00000300

MDLNAM(l) = IGIF MUNGER11S GIMCRACK HYDR04; 00000310

MDLNAM(2) = IGIF MUNGER"S GIMCRACK AER09; 00000320

RETURN; 
00000330

MODLIN: 
00000340

ENTRY (HCOFNAMgHCOFVALACOFNAMgACOFVAL90VARNAM); 
00000350

HCOFNAM(l) = IC11; HCOFNAM(2) = IC21; HCOFNAMM = IC31-9 00000360

HCOFNAMM = 2C41; HCOFNAMM = 906; HCOFNAM(6) = ICXRI; 00000370

ACOFNAM(l) = ICSAO; ACOFNAM(2) = OCHCEI; 00000380

OVARNAM(l) = IREEFI; 000C0390

GET FILE(COEFF) LIST(HCOFVALtACOFVAL); 
00000400

ACOFVALSAVE = ACOFVAL; 00000410

HCOFVAL-SAVE = HCOFVAL; 00000420

RETURN; 
C0000430

ERFX: ENTRY (QqP) RETURNS(FLOAT SIN1531); 03000440

CALL TRI; 
00300450

PHI = ABS(P(2)); 
00000460

AFX = CONST1*(VA**2)*ACOFVAL-SAVE(I)*(O(I)**2)*(XDIM**2)v 00000470

(SIND(BETA+CONST5) + BETA*CONST6 - CONST7)*(COSD(PHI))**2; 00000480

ERR = AFX 
00000490

-XDIM*(HCOFVAL-SAVE(1)*ABS(P(1)**4.8)/(COSO(PHII**2)I 
00000500

-XDIM*(HILOFVAL-SAVE(2)*ABS(P(3))Ix(CNE+SIND(PHI))*P(I)**2) 
00000510

-XDIM*(HCOFVAL-SAVE(3)*ABS(P(4))*(ONE+SIND(PHI))*P(11**2); 
00000520

RETURN (ERR); 
C0000530

ERMXO* ENTRY (09P) RETURNS(FLOAT BIN(53)); 00000540

CALL TRI; 
OC000550

PHI = ABS(PtZ)); 
00000560

AFY = CONST1*tVA*,'-192)*ACOFVAL-SAVE(I)*IQ(I)**20*(XDIM**2)* 
00000570
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U.Mll098.12849.~0DEL1.Pll 

ERFY: 

ERMZ: 

ERFZ: 

ERMY: 

((C0SDCBETA/CO~ST8-CONST2)l**2J•COSD(PHI)**2; 
ERR= XDIM*ACOFVAL_SAVE(2J*AFY/C0SDIPHIJ 
-(XDIH••4J•CONST4~(0NE+C0SD(PHIJ)*SINDCPC2JJ; 
RETURN (ERR); 
ENTRY CQ,P) RETURNS(FLOAT BIN(53)); 
CALL TRI; 
PH I = ABS ( P ( 2)) ; 
AFY = CONSTl*CVA**2)*ACOFVAL_SAVE(l)*(0(1)**2)*CXDIH**2)* 
( C COSD ( BETA/CONS T8-COl~ST2 > J **21 •cos DC PHI) ••2; 
RFY = X0IH*(HCOFVAL_SAVEC5)*Pl4)*CONE+SIND(PHl)J*P(l)**2); 
ERR= AFY - RFY - XD!M*(HCOFVAL_SAVEC4)*PC3)*(0NE+S1ND(PHI)) * 
PU )**2 J; 
RETURN (ERR) ; 
ENTRY (Q,P) RETURNS(FLOAT BIN(53JJ; 
CALL TRI; 
PHI = ABSCP(2)); 
AFX = CONSTl*(VA**2)*ACOFVAL_SAVEClJ*CO(l)**2)*CXOIH**2)* 
(S1N0(BETA+CONST5) + BETA*CONST6 - CONST7)*CC0SOCPHl)J••2; 
RFY = XDIM*(HCOFVAL_SAVE(5J•PC4)*(0NE+SIND(PHI))*PC1)**2); 
ERR= XOIM*ACOFVAL_SAVE(2)*SINOCP(2)J*AFX 
-X0IM*HCOFVAL_SAVE(6J*RFY; 
RETURN C ERR J; 
ENTRY CQ,PJ RETURNS(FLOAT BIN(53)); 
RETURN (O.OECJ; 
ENTRY (Q~P) RETURNS(FLOAT BINC53)); 

OOOJ0580 
00000590 
OOCC0600 
00000610 
00000620 
OOOC0630 
ooouo640 
00000650 
00000660 
00000670 
00000680 
00000690 
00000700 
00000710 
00000720 
0C:j00730 
00000740 
00000750 
00000760 
00000770 
00000780 
00000790 
00000800 
OOC00810 
00000820 
00000830 RETURN CO.CEO); 

/********************* WIND TRIANGLE 
PROCEDURE; 

***************************/00000840 
TR l: 

VA= SQRT((P(l) + VTC0SG)**2 + VTSING**Z); 
IF ABS(P(lJ + VTCOSGJ < 1.0E-8 THEN BETA= 90.0; 
ELSE BETA= ATAND(VTSING/(P(l) + VTCOSG)); 
IF BETA<= O.O THEN BETA= BETA+ 180.0; 
RETURN; 
END TRI; 
END PMOOL; 
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Sailing Yacht Perfor'nanzCe with JPtimizaitin

APPE5IDIX C

k.. t'put deck for the first te-:st run.

fi EXEC PLT-rXG,PSCC='[J.id.PF'?ORIt.M. LOAD0( V1t)

f/3.AUXOtJT DO DUMMY

fi/33.3UG S DD SYS0UT=k

//G. rFSR M DDDO OtMMY

f/'3.CJEFFODO *

J.33086 0.0034 3.00034 3.071 0v.0I-178 0.34

0.75 3.70

These are coefficient nines for in-.iusion with Hi?

nathenaticat nodel.

//J"I.W IIN DY DO *

f4 12 10. 20. 30. 41.

132. 160. 140. 120. 100. 82. 60. 40.

35. 33. 25. 20.

Numbar of true wind speeds and directin3, followed by

their values.

f/( 5131N DO*

SA5PLE 1FOU-l? DE-fEE OF ?PEEDO9 10DFL W IN! OINET-D 3?3-B ~j0?v

0OPTI ,IZ7A T TON"

2 23. 8 25.9

Munber of leaigths and -their vilues.
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Sailinq Yacht P(mrforman.-%,e with optimizatiDn

12 9) 3,w 5 40,w) -4). 0 12". 0 -12. 0 35. 0 -3 3. 0

)0301 001 1061 001

la ximum and mi ni..m u m v a 1 u m. s 0 1: the independent

variables and their converqeice tolerances.

le') De3_1 OOC I

laxinum and Minimum Valu9s for tha 3ptimization

varLable and its convergeif.7e tole ran=aw.

0*38 19.0

laximurn all3wel iteratiDns per solutLm. -'S" t a C t. i n q

7aLue for the ratio VB/VT and t h e 3ptimizatiori

variable,
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Sailing Yacht Performranzle with Dptiizati~n

B. Input deck for the second tast run. ?:)cr axDlanatiir1 f

input data see first run.

fiTXCPLIXGiP'26j=' Uaidl. SAILLOAD ( CD1)

//3AUXS-,UT DD DWLMMY

//G.BJGS DD STSOUJT=A

// G, r ERNM DODgMIIy

f/3.ZDFF ? DOT)

~8 6 0.*00 3 4 0108 4owl.9D7 1 0.0 17 893 4

//GWINDY DD*

4 22 10. 2G.3 0.a40.)

2:. 2*5. 30. 35. 4. 50. 6). 70. SC.m 90.m

10.e110. 120. 130. 140. 150. 155. 160.

15.9170. 175. 130.

f/Go.35)YS IN DD *

Xk S A[EL3T1:NG U SE'jD A S P R0 P UJL SIO0!R FOB A4SakI LB.TOT

1*2 3.3

12.) 0.*5 03-4 3.012.*0 -12.03 5.a0-5.e0

a.010.1 f0.1 0.le1

9).\-10 0.1

19 0.38 0,0
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