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ABSTRACT

4 pragram is developed that computas the theoratical
parformance of sailing yachts given a mathematizal wmodzl

with whizh to evaluate the faorces and moments acting upon

the vass2l,. This systen of =2quations comprising the
mathenatical model may incorporate as nany as six
iriepaad=2at variables. In addition, the progranm has

capabilities that allow for the optimization of tha
parfornaice équilibriums with respact to as many as three
aliitional variables. N5 attemat is made to devalop a nevw or
inmproved model for the forces and mom2nts affecting a
Si1ilboat's performanz2, instead the emphasis is placed on
the i1avalopment of a solution technigque +that can he used
with aay model involving six or fewer degrees->f-freedom,
mxanples of the program's outpnt as well as the procedures
used to evaluate the pertinent forces and moments are

included in the appendices.
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NCMENCLATNRE

P = 3 principle force,

M - a principle moment.

p - vector of independent variables,

—— - . » »

a = vector of optimization variables,

—

R = vector of errars in ejuilibrium eqaations,

S - matrix of "error sensitivities™,

¥V - matrix of partial derivatives of boat speed.

v, - apparent wind speed.

VB - hoat speed,

VT - tru2 wind speed,.

R = apparent wind aiale,

Yy - true wind angle.

3 - vector of incraments to the independent variables.
A - vestor of increments used in formation of divided

differences.
- a + - < +
Aq - vector of increnents to thza optimization variables.

Subscripts

4 - denotes aercdynamic,

¥ = lenntes hydrodynamic,

i - dienotes first dimension in 3-D space,
j = ienotes second dimension in 3-D space.
¥k - 3enotes third dimension in 3-D space.
¥ =~ desnotas direction parallel ts x-axis.



NOMEMCLATURR
Y - 1denotes direction parallel to y-axis.

Z - deaotes direction parallel to z-axis.



Sailing Yacht Performance with Jptimization

INTRODUTTION

There exist, for most vehiclas of engineering interest,
relatively straightforward and direct me2ans of obtaining
solutions to the problem of computing steady state
performance equilibriums. One exception to> this class of
vahicles ,however, is surprisingly also ‘one >f man's most
primitive, namely waterbourne craft deriving their
propulsion from the relative motion between water and air at
this mMancient interfacem™. It 1is precisely this mode of
operation, in the interfacs 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
desirsd solutions, sne must turn to an 1iterative procedure
by whizh the forces and moments acting upon the vehicle in
questioan may be brought into =eguilibrium., In the npast,
projyrans designed to perform this sort of 4iterative
calculation (M, (2),(3),(8), have lacked generaility., Thus
it was desired to develop a program that would contain the
nunerical procedure necessary fsr bringing the reguired
number of forces and moments into equilibrium, 3inl to 1o so
in as efficient a manner as possible.

It is the purvose of this paper to describe the progran

that was written to meet these requirements,



$sailing Yacht Performance with Jptimization

PROBLEM 3AZRGRGOND

The equations describing the variables affecting the
perfornaace of sailing craft are decidedly nonlinear. Basic
to evan the simplest of thess mathematical models is the
apparent wind triangle. This saries of equations rslates the
try2 wini and the boat?’s velocity to the apparent wind as
saen in th2 moving rzference frame of the sailboat. Figure 1
illustrates the vector addition of the velocities involvegd.
The eguations describing the trigonometric relationships

dapicted it Figure 1 are as follows: <1>

v

A Apparent wind velocity

. p Z
/fVT31nY) + (VB + VTcosy)

™
[}

Apparent wind angle

arctan[(VTsin‘Y)/(VB + VTcosy)]

Thus it is apparent that irregirdless of th2 simplifications
made in any model chosen to dascribe the forces aczting upon
tha sailboat, the aerodynamizs and hydrodynamics of the
vessel will always he couplel viza this set of nonlinear

relationships.

<1> VYote should he *taken of the fact that this definition
of apoarent wind angle is not the same as that usnally
us21 aboard a sailing vessel, Onboard instruments are
int=2nded to neasure the anglzs betwesn the apparent wind
ani the boat's centerline. Thus the definitisns differ
by landa, the 1leeway angle., The reason for using the
praeceding definition will become apparant in the
jiszussion of the solution technique.



Sailing Yacht Performance with Optimization

The simplest useful modeling of a sailboat’is
parfornaice equations involves at least twos-degrees-d>f-
freedon (1). Mor2 typical mondels involva thrz2z- ani faur-
degrees-»>f-freedom, but concaivably someone might want to
extzni theoir mathematical mod2l to encompass a full sig-
dsgrees-of-freedom. ¥hen used in this context, each degree-
of~-fraedom refers to an equation for sne 2f the principle
farces or moments acting upon the sailboat., In ajdition,
there is a physical variable associated with each degree-of-
fraedism., Por example, 2 model that raguiras th2 balancing of
lataral and longitudinal forces is well is moments about the
longitudiinal axis would be a three-degree-of-freedom model.
Herz, th2 variables associatel with each of these degrees-
of -fraedon would most likely ba: leeway angle, bdat speed
atd h=2el angle,

In srder to computs a single equilibrium point, one
must solve as many simultan2ous equatiosns as there are
degrezs~->f-freedom; this is th2 essence of what the program
deavelopel in this paper does. If, however, there are more
variables than egnations to he solved, one discovers that
the solution of the equations 1is a 1lacus of egquilibrium
points, the particular solution depending upon th2 values >f
these ailiditional wvariables, To illustrate this point,
consiier the three-deqree-af-freedom noj=1l mentioned
earlier, If in adiition to boat speed, le2viy angls and heel

airglzs, ta=2 model inzludes th=z =2ffect of reefing, one can

- 10 -



Sailing Yacht Performance with Optimization

inaginte that for a given truz wind speesl and h=2ading, a
sailboat can achieve a nev eguilibrium for 2ach value of
this variable. <Clearly, the solution which yields the
maximum boat speed on the prescribed heaziing is 2n optimum
solution for that heading in terms of the additional
variable "reefing®., Hence, when formulating the procedure
dascribeil herein, a routine to enable the program to search
out th2 optimum equilibrium in terms of "additional"
variables was desired.

A fiaal, but inportant, ispect of the r2juiremants +o
bz met by the pragram developed, is that its aguilibriunms
should be computed within certainl variable limits., These
limits zan he of a physical nature or they can be imposed by
validity restrictions of one's model. Cl=arly, if positive
"reefing® reduces sail area from its nominal value, one must
not allos a solution that involves negative "reefing™. This
is an exanple of a physical linit on the variable "reefing™.
If, howavar, one's mathematicil model produced unraliable
values »>f side force for 1l22way anglas gr2atar than 8
deqgrees, a limit »>f 8 degrees on the viriiable leeway should
ba impos2d for reasons of model validity. In the case of the
latter r2striction, if the solution sought lies outside the
linits inposed, the program should inform the user of this

conditionr and continue to procass the naxt eyuilibrium.

- 11 -
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Sailing Yacht Performance with Optimization
SOLUTIJN TECHNIQUE FIR COMPUTING EQUILIBRIDMS

Thare exist several numerical technigues for solving
systems 2f nonlinear eguations, all of them iterative in
nature. Thouagh each approach has 1its strengths and
veaknesses, the Newton—-Raphson minimization technique was
chosea b2cause of its speed of convergence, {6} The technijyue
as adopted for use ia this performance program is sometimes
tarned gJuasi-linearization (3., For small systems of
ejuations, in this cise a maxinum of six, the Nawton-PRaphson
minimization technijue was vastly superisr &2 tha othar
tzchniquas investigated when evaluatel in terms of
compuatation time,

The procedure is really a 1logical extension to systems
with mor2 than one variable of the well known VNewton's
mathod for finding roots of an eguation. In this aoplication
tha axpressions to be mininizej are the Marrars" or
differeacas between the principle aer>d ynamic and
hydrovnanic forzes and moma2nts, Table 1 presents the
mathenatical Fformulation of the solution process for an
assumad three-degree-of-freedom sailboat model, The
eleneats of the vector R are the "errors"™ to be minimized,
in other words, ideally the procedure will produce a vector
p such that the vector of ™Merrors”™ ,R, is identically zero.
This is rarely the case, howevar, so convergence tolerances

ara2 set 1in ordar that a criterion €or determining a

- 13 -
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satisfactory solutionr may exist. Hznce, if the incramental
values calculated fsr the vector » are 2ll 1l2ss than their
prescrib2d convergence tolerinces, the procadurz assumes
that it has found a satisfactory solution to the systam of
equations.

Tha matrix "5S" in Table 1 is a matrix of first-order
partial ieriv;tives of the vactor R with respect t5 the
ind2p2ni2at variables contained in the vector p. This can be
thought of as a matrix of sensitivies of the vector B to
changas in each o2f the independent variables.

Tn sri=r that this minimization procedure night be used
hy the performance program, the aforementioned partial
darivativas must be evaluated. While it is conceivable that
certain 2f these derivatives oxist in a readily available
analytic €orm, clearly this is not the cas2 for 3£hers. The
prograns developed in (1) anl (3) maie usa2 of the
analytically determited partial derivativas wher2 vossible,
but had ts concede ts the need for the numarical avaluation
of the sthers. 7ne might argque convincingly that this is thea
most mathematically exact procedure to follow, but for the
sake of computational sinplicity, consistency, and
efficieacy, the author chosa to evaluate all partial
dsrivatives by numerical means, The premis2 that this method
l2ads to increased simplicitv 1i1nd consistancy is easily
dafenieil, however the defense >f its efficiency is som2what

lass ohvious, Here attention is drawn ts th2 fact, that

- 14 -



Sailing Yacht Performaace with Optimization

quite oftaa the functions used to model a sailboat's forces
aad non21ts in terms of th2 indespeni2nt variabdles are
trigonometric in nature., Thus, partial diffarantiation of
these fuactions 3ften leids to inzr2ased numbers of
trigonomatric functisons which must be 2viloat2l., Since the
exprzssions for such derivatives are often c¢onsiderably
longer than the functisns from which they came, it is juite
likely taat it vould be quizker to evaluate the parent
functiona twice and form the numerical ag%raximation to the
d2sir=d partial derivative, than it would be t2 evaluate
both the function and its exact partial d2rivative once,
since bhoth are required,

ygain, for th2 sake of simplicity anl speed, the
frrward difference approximation to the first-order
darivitivas wvas 2mplayed. Though this formulation is less
exact than the central difference approximation for
da2rivativas, it requires one less evaluation of the parent
function., By choosing an appropriately small change 1in the
value of the independent variable in gquasstion, the erraor in
the approximation of the desired partiil darivative can be
k2pt within acceptable limits; conseguantly the program
choos2s a step size based 92n the required c¢anvergence
tolerance for each variable., This proceiarz has worked very
w21l in practice,

If at any time during th2 iterative ssgarzh for a

solution, the next approximatian to the vector p places one

- 15 -
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or morz 3f 1its elements outsiie the bounds of validity for
that wvariable {recall the discussion of 1limits on the
indapandant variables) the projram simply sets that variable
to its linit value. Since the solution may still lie within
the regquired liﬁits, this prevents the juasi-linearization
of nonlinear functions £fron forcing the independent
variables into undefined regions. For 1instance, an
jaterneliate approximation to ths solation of a sailboat's
parformaaice in light air might predict 2 negative boat
speed, Since the hull drag term might well be undefined or
wrongly 12fined for negative boat spe2d, setting this
variabla temporarily to a small positive value prevents the
program from computing erronecus values of hull drag and its
partial derivatives., If, however, a variable remains stuck
ajyainst ane of its limits for more than a specified number
of iterations, it 1is assumed that the solation for that
particular equilibrium lies outside the linits of confidence
€5r the model, and the program refrains from any farther

attenpts to seek convergence for that sailing condition.

- 16 -



TABLE 1

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

Equations to be minimized:
R A
R, = MXA - MXH
R, = FYA - FYH

Define:

? = [¢sxsz]

BR] GR] aR
$Si1 = » Sy, < s 5137 —
aPi 3P2 3P3
5. = BRZ s = BRZ s = 3R
21 3P "’ 22 3P, ° 23 3P, ’
1 2 3
3R, 3R oR
S =57 » Saz ==, S33 .
ap, 9P, aP,
Then:
811 S12 S13 GJ 'R1
S;1  S;2 Sy Gz = -R,
_531 S12 Si3 ‘53 _'Ra_.
Therefore:
-1
T - q = -
[61' L 63] = [5;: 812 Sisf IRy
S21 S22 Sa3 ‘Rz

P,(i+1) = P,(1) + 6, , P, (i#1) =P,(i) +68, , P, (i+l) = P,(i) + 9, .

T
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SOLUTIAN TECHNIQUE FOE PZRFORMANCZE OPTIMIZATION

dharz2 the solution of =2quilibrium conditions for a
sailboat required that a number of "errors" as functions of
several independent variables bz minimized, the optimization
of a sailboat's performance rejuires that the boat speed be
miximizel for a given sailing condition. <2> This requires
that all of the first-orier vartial derivatives of Dboat
speed with respect to the additional independent variables
b2 zeto. <3> The author chooses to refer to these additional
variables as optinization variables.

™is condition of having all the partial darivatives
equal to zero is not sufficient to assure that the solution
obtained has maximized, rather than minimiz24, boat spe=i.
In practice, however, if the starting point for the solution
procass is suffiziently closz to the optimum, then the
salution determined subseguently will be of the desired
natur2., In anv event, a sequence of eguilibriums may be
readily checked for a tendency towards decr=ased boat speei.

Th2 solution +technique enployed for this optimization
is again VNewton-Raphson. In tais application, howavar, on=2

n2eds t> use a second-order form of th2 HNawton-Raphson

- S A R S ey am e

<2> Her=2 sailitg condition r2fars to a given true vwingd
velszity and bearing relative to the directisn in which
the boat is travelling.

£3> Thes2 are variables not reguired in the d=tarmination
of equilibrium conlitions,

- 18 =~
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matrix equation. This is d=2picted in Table 2, and is
illustrated graphically in Pigurs 2. Here the necessity for
evaluyatiag the first- and second-order partial d=rivatives
of boat speed by nanmerical neans is obvious. This time
however, since the approximations to the saconi-srier
derivatives require three or four points for their
evaluation, the first-ordier partial derivatives ara
approxinated using their central difference form with no
compatational penality, Tn this manner the crder of
magnituda in the approximation error is the same for all of
ths partial derivatives appearing in the matrix equation.
The formalation of the partial derivatives rejuired for
maxiniziag boat spead with ©rT2sp2ct to three "optimization
variahles" appears at the bottom of Table 2.

it this point, it is intar2sting to nate the number of
equilibriuns required to evaluate all of the first- and
sazoni-oariar partial derivatives needed for ona itaration in
the optimization srocess. ILf only onz2 "optimization
variable" is used, then threa equilibrium points are
raguired to evaluate the first- and second-d>rder partial
darivativas of boat speed with respect +to5 that variable.
This is seen araphically in Fiqure 3. Por two
"legr2as-of-optimization® nin2 ejyuilihriams are needed to
fForm all the partial derivatives, but th2 inclusion of a
thirl optinization variable reguires only nineteen, insteai

of th2 expected twenty-seven eguilibriums, The reason for

- 19 -
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this is seen in the progressiosn from Pigur2 & t> Figurz 5.
Since n5 partial derivative greater than seczond-crder |is
ever rzgquired, the outarmost corners in t he
three-dinznsional space are never used. Beyond the
three-dinensional case, graphic means for determining the
nunber of reguirei equilibriums br=ak down, so one must turn
to son2 ssrt of numerical series representatisn., It can be
shown that the expression relatiang the razguired number of
eguilibriuns to the number of optimization variables 1is of
the form illustrated in Figur= 6. Clearly th2 inclusion of
mar2 than two or three optimizition variablas has associated
vith it 3 very high computational price., P>r this reason it
was decijad to 1limit the presant program ¢to a maximan of
three-d23rees-of-sptimization., It should b2 made clear
howevar, that this is 3 restriction impos21 by the author,
rather than by any inherent shortcomings in the numerical
procadura,

2he process described thus far consists of an
naconstrained optimization procadure, however, as stated
earlizr it 1is desirable to be able to place maximum and
minimagm attainable limits on the independent variables. 2ne
method for doing this 1is the method of seguential
unconstriined minimization (optimization) (7). This mnethod
raquirzs that a new function for minimizatison be defined.
Typizally this function consists of th2 origyinal function

mitus a "logarithnic penzlity function®™, This later term is

- 20 -
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aljustel so that the gradients in the vicinity of a variable
limit or hsundary are such that they force the solution away
from th2 boundary. A linear mnultiplier in €front o€ this
penalty fanction can then be iteratively reduced so as to
aliow the solution to approach thes houndary (always from the
sam2 side), if that 1is where the optimum constrained
sblution lies, One of the great strengths 2f this method is
the frzedon *o choose quite conplsx variabls boundaries., Its
greatast weakness from the standpoint of this program,
howevar, is the number of iterations rejuir23d ¢o obtain an
optimum solution. Conseguently, a second approach wvas
sought,

Tha approach adopted is similar to the one used in the
eguilibriun solution process. After each itaration, all of
the optinization variables are checked to 3detarmine whather
they hav2 exceeded either their maximum or minimum bounis,
ani for any variables faund t> b2 outsil2 tha2ir prascribed
limits, tw> steps are taken., The first, as before, is tn set
the valuz of that variable to the value of the limit
exceediel, The second sStep is to set an auxillary variable to
a value of 1 or -1, depending >n whether it was a maximum or
mininman bound that was exceeded., Aftar these steps are
taken, each variable is checked for converag=anca,

mhar2 are two ways in which 2ach wvariibla zan pass this
converganc2 test, The first, and most obvious, is for the

variablats value to change less than some prescribed amount,

- 21 -
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The seconl way for a variable to be considersd convergent
upon i*+s solution value, is for the sian 2f the first-order
partial derivative of boat speed with r2sp=ct to that
variabls and the sian of its auxilary varible +to b2 the
same, In this case, the implication is that the true, or
unconstraiined, optimum solution lies outside the variable
limits, and thus the constrainzd optimum lies on a boundary
of th2 allowable variable spacze. As before, if all of the
variables in the optimization process have ndt converged
then anothar iteration towards th2 solution is initiated.
The process just described is equivilant to sa2tting the
appropriate element in the vector on thz right-hand siije of
the matrix equation in Table 2 to z2ro whan a variable
exceeds sne of its limits, but it requires less bookkeeping,
This is 3dne to the fact that a variable will occasionally
hit a7ainst one of its limits during an intermediate step in
the 1itarative solution process, only ¢to reverse its
dirsction in a later step. Thus the lattsr methosd wounld
raguirs that during every other iteration, the -elemant in
the "forzing® vector be restored to its truz valus s> that
any tread back iato the interiosr of the variable space night
be detected,
3 £inil two points should be made about the =2fficiency
of the second-order Newton-Raphson optimizatiosn process as
it has b=22n adopted for use _.an this projgran. The first has

to 49 witt the vervy nature of the technijue. Since the

- 22 -
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matrix 3f "sensitivities" is composed of sescond-, rather
than first-, order partial derivatives, as was the zase in
the =2quilibrium s>lution opoartion of this progrim, 3a
convergent solution to the problem of optimization can be
founi 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
gquadratiz. This fact usgally leads to an extremely 1lovw
number of iteratioals reguirzd to determine the optimam
values for the variables involval. The second point concerns
constraiaed solutions that lie on variabl=z boundaries. With
the procedure adopted, an 3iiitonal iteration is not
raguired in the case of the solution b2ingy reached by a
variable exceediig one of its preszribed 1limits. For
example, if the only optimization wvariable involved was
"reafing", as discussed in th2 =2xample given -earlier, and
the optinun soluticn always lay in the ra2gion >f negative
"reefing®, then a saconi iteration would never be rejuired
i1 the 3I13termination of tha constrained optinum, because the
variable would have passed its seccnd convergence check on

the first iteration.

- 23 -



TABLE 2

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

i - .
For three optimization variables, gq = [ql,qz,qal, the equation to solved
can be written as follows:

Vir, Y2 Vi Aql _V;W
Var Voo Vol 84,1 = |-V,
Va1 Va2 Vag] |84 Vs
v 2y
Where Vi = and Vi = —B
day I 3q,3q,
Thus:
T ] o
Eﬁqz’qu’Aqa] = (Vi1 V2 Vasf TN
Var Voo Vasi |V,
_val V2 Vas _'va_
And:

q, ({41} = q (1) + 4q,,

Using finite differences:

v(qi’qzﬂqs) = vi’j,k

vi = (vi+lsj:k -
LT B (vi+i,j,k -
v,= ¥

etc.

v

2V

q,(i+l) = q,(1) + 4q, ,

2
gr,q,0 200 01D

i-1 3j )

- 24 =

q,(itl) = q,(1) + Aq,

1,5, Vi 5,007 807 +00@)%]

- - 2
i+r,j+1,k vi-x,j+1,k v1+1,j--1,k + vi—z,j-1,k)MA1A" + 00A#4,)7)



BOAT
SPEED

A

B #

LOWER OPTIMIZATION UPPER
LIMIT VARIABLE LIMIT

PoinT (A,A') REPRESENTS BOTH THE CONSTRAINED AND UNCONSTRAINED
OPTIMUMS FOR THE LOCUS OF SAILING EQUILIBRIUMS REPRESENTED BY
CURVE A. PoInTs (B') AMD (B) REPRESENT THE COMSTRAINED AMD

UNCONSTRAINED OPTIMUMS FOR THE LOCUS OF SAILING EQUILIBRIUMS
COMPRISING CURVE B,

Froure 2
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Sailing Yacht Performaace with Optinization

PROGRAYMING CONSIDZRATIONS

"igura 7 contains a general schematic diagram of the
parformanz2 program's structure, The blacks labeled
PFEREFPO9M (MAIN), DOJOPTINIZE and MINIMIZE, are the three
proceduras that comprise the computational core of the
progran, The remaining block, PMODL, rz2pras:nts the: usar
supplied procedure which contains tha mathamapical medel to
b2 used., <4>

Apart from the numerical considerations already
discussel, certain operational guidelines were established
waile writing the program. First among these was the choice
of a programming language, PL/1 was chos2n £or a number of
raasons., A primary consideration was the n223 to handle
consiiarable amounts of output formating. Barcause the
program was designai to accept mathematical models with
hatwa2an two- and sirx-iagreas-of-freedom, and to then
optimiza the performance eguilibriums with respsct to as
many as three additional variables, th2 format of the
printed o>utput had to possess considerable flexibility,
PL/1's many data types, and particularly its capability to
manioulats string variables, made it well suited ¢t handle
the comnplex formating regquired. An eyually important
coqsilaration was the efficient mannar in whizh PL/? handles

P L L L T B R R R

<4> 1% 13tailed deszription of tae form rejuiremeats placed
on 2MODL by the main program appears in Appendix B.

- 29 -



Sailing Yacht Performance with Optimization

array op2rations. The vérv natura2 of the solution process
raquires that operations such as matrix inversisn and
maltiplication, not to mention element assigamnent, be
executei repeatedly, The reason for PL/1's superiority over
PCRTRAN 1ia this type of operation lies 1in the diffarant
manner in which the two compilars assijyn array variable
addresses in corz, A final, but somewhat less important
r2ason £ar choosing PL/1, was its ability to allow the
programmer to allocate variables at execution time, This
faature was used to set array and vector dimensions at fhe
time of =execution, after their size requirements had been
determiied., In this manner, th2 program coull reaiily adjast
its solution procedure so as'lto exactly accomodate the size
raguirenznts of %the particular mathematical wmodel being
used.

A s2cond guideline set down for the program, vas that
it shouli be compatible with operations in bhoth batch and
tina=-sharing environments, In part, this rejuirement lead to
the file structure chosen. Tablz 3 shows the seven files
usel by this program, and gives a brief statemant concerning
thair contents.

As indicated, the input to th2 program was divided into
three sa2ctions or files, in o>rder that certain data which
miont b2 usel repeatedly could be stored separately, [(for
iastanc2 on a magnetic disc), from the data that changed

with =2ach running of the program. Thus the crefficient
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Sailing Yacht Performaace with Jptimization

values required by the mathematical model, ani th2 table of
desir2d sailing conditions, are kept in separate files from
the TMexa2cution tim2 options" which are entered 1in the
standard ianput file, SYSIN.

vpur files were allocated to program sutput., SYSPRINT,
tha standard PL/1 output fil2, is the "print" file which
contains the majority of the program'’s output; this is a
printed record of information concarning the models used,
the =2x2zution time options =moloyed and the optimized
equilibriums comouted. In addition, £>r the version
currantly running at ¥,I.T., a page 1is included that
eontains zartain statistics to aid in the evaluation >f the
progran's computational efficizncy.

The second output file, TE28%, 1is a filz sal2ly d=voted
to displaying input prompts at th2 time-sharingy terminmal (if
th2 proyram is being run under TSJO). Thas2 prompts p=artain
only to lata entered via SYSIN. When the pragram is run in a
batch moi=2, the fil2 TZIM is given a DUMMY assignment and
henc2 no 2utput operitions to this file are performed.

?ila BRUGS, as the nams2 implies, contains any errcor or
diagynostic messages generated by the pragran. Errors
partaiaily to the matrix inversion routine, is w2ll 313 those
ralatad to a lack of convergenze in either of the itarative
procelures, are displaved in this fila. <5>

Th2 last output file, pertains to 31 third guideline set

£ar th2 program, In >rder to r2mnain as universally useful as
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Sailing Yacht Performance with Jptimization

possibla, without carrying a lot of unnecessary programnming
overhead, it was decid=2d not to trvy and sa2coni guass all of
the seconiary uses £for the data generazted by this prosran.
Some 2xanples of common sSecondary calculations perfarmed by
other ma>re specialized programs (1),12),{3) are: maxinunm
(and ninimum) speed maie goodl to windward, tabolation of
forzes an? moments acting on the rig or hull, and rating
increases (or decreases) need2d to sail at a speed assumed
by a jiv2n rating rule relativz to another "biss hoat", The
dzcison was made that these or any osther calculations
desired, would be performed by user supplied auxillary
programs with the file AOX2UT 3s input. The data 1in this
file, lik2 all of the input files used by the program, is in
a free format. <5> This 1s accomplished by using PL/1's
"list"™ directed inpuot/output options. Consejuently, most
data itens are separated by blanks, and/>r commas, while
striny variables are additionally brackatted by single
quotes. 3asically, the contents of +thaz fila AUXOUT is the
same is that of the file SYSPRINT, but whar2 tha lattar is a
"print® €file, the data in AO0XDUT woull mora2 1likaly be
directai to punched cards or parhaps an on-line stoarage
davicz2, V' final point 1in def2ns2 of the decision t> use

- b - e -

<> Certiin of thesz messages app2ar in abbreviated form %o
the richt of the other variables displayed for each
siiling condition in the file SYSPEINT, See Apoendix A,

<A> 3v using this form of I/0 any machine dependence is
alininated, Such files ar2 s3ail to ha "streann
orianted, rathar than "rezord" oriented.

- 32 -



S5ailing Yacht Performance with Nptimization

AUYQUT as input to user supplied specialized programs,
rather than including a number of these procedures in the
main program, 1is the variasty of plotting roatines
encoutrtared as one goes from one computatisn center to
anothar, Since in 2ll likelvhoosd, somez of the iata comouted
by a program such as this will b2 most conveniantly viewed
in a graphical form, it would be short-sightsd to assume
that plotting procaiurss includzxd for use at M.I.T. would be
of use 21sewhere,

4 final decision that was made before programming
beagan, zoacerned the variables to b= associatel with each of
the dz2gre2ss-of-freedom, Thesa p2irings ar2 indizated at the
botton of Table 3., This predet=2ermining of th2 order of
inzlusiasn for the six independent variables might be
consiisrad somewhat restrictive, but it wvas chosen to comply
with known existing models., <7> It was felt that any
rastriztions imposad hy this presat ordering were more than
compansated for by the decreass in Dprogramming complexity,

and hancz computation time, thit could b2 achiaveld,

- ey W ey O e P

<7> Th2 =2xception t> this wvas the relative placenent of the
last two variables. Since thare was no precedent here,
thz author made an arbitrairy decision czoncarniny the
variables and their orier.
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TABLE 3

A. PROGRAM'S FILE STRUCTURE

INPUT QUTPUT
1. SYSIN -~ Title, execution 1. SYSPRINT - Standard
time options print file
2. WINDY - Matrix of sailing 2, TERM =~ TSO prompts
conditions, i.e., for file SYSIN
true wind speeds
and directions 3. BUGS -~ Errors and

diagnostic messages
3. COEFF - - Coefficients used

by the user supplied 4, AUXOUT - Stream file like

routine, PMODL SYSPRINT, for use
with auxillary
programs

B. VARTABLES TO BE ASSOCIATED WITH EACH DEGREE-OF-FREEDCM

1. VB - Boat speed - forces in x-direction

2. ¢ =~ Heel angle - moments about the x-axis

3. A - Leeway (sideslip) angle - forces in y-direction
4. SR - Rudder trim angle -~ moment about z-axis

5. Az - Sinkage - Forces in z-directiom

6. & - Trim angle - moment about y-axis
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Sailing Yacht Performanca with Jptimization
DISCUSSION

To date, the program that has been discussed herzin,
has bzen used to predict the parformanca of thre2 sailboats
Ausinq tws different four-deqress-of-freaiom modals. The
printout for these runs has been included in Appendix 1.

Tha first run was o5f a more or 1less conventional
natucra, The model used for th2 two boats in this test run
had four-3egrees-of-freedom, and wvas designed t> roughly
approxinate the experimentally determined forces and moments
for the yacht "Gincrack®, {4} A single d=2gr22-of-2ptimization
with respect to the variable "reef" was 2mployed. 1In this
cise "reef® was defined in the same mannar as tha linear
r2afi1g function described in (1), with unity indicating no
raafiag axd zers indizating total reefing, or no s2il. aAll
valocities and angles were in feet per sezond and degrees
raspectively. The oprocedure, PM0DL, us21 for this run 1is
raproducad in Appoendix B, whila the contants of the input
filas WINDY, COTFF and SYSIN nay be founl in Appendix C.

Thare are several things to note when viewing the
ontput From this ran., The first 1is the feature in the
progran that allows one to make use »>f the "gedsim"
principle to predict the performance of similét vachts of
differ=1* sizes. In this casa, two bdats had their
parformaice polars <calculated using thz same ged>sim model;:

on> Wwith a characteristic lenqgth of 23.8 f£22t and the other
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25 feet, A second point of int2rast is the page summarizing
tha compitation statistics, As indicated, the average time
ra2gquired to compute an equilibrium point wais barely in
exca2ss of four hundredths of 1 second. This compares Juite
favorably with the prugram originally emploving the
ma thematiczal model ased (%), and its r=aguired five plus
hundradths of 2 second per sjuilibrium. By comparing the
total nunber of equilibriums comput=ad vith the number of
optimiza2l equilibriums one €£inds that on the average it
requirzl less than two iterations +to find the o>ptimuom
solutior fer a given sailing condition. This strongly
supports the statements made 2arljier in thaz diszussion on
tachaiquas for determining optimized equilihriams,

Th2 second run of the parformance perdiztion program
azain utilized a four-degree-2f-freedom model, in fact the
hydrodvynaimic portion of th2 mod=l was identical to that used
in th=2 first ruan. What made this second ran uniyue was the
azrodynamnic model employed; polynomial approximations %o a
sailwina's aerodynamic characteristics. (9 The angle of
attack »f the wing, alpha, was the indspendent variable in
the polyaomnial approzimations, and so it was chosen as the
cptinization variable for ths run., To the authar's knowledge
a system 2f this nature has naver before been investigatad
in such a3 mann2r, Ynlike the onrevious run, the optimum
solution for this svystem nearlyv always occurred with the

optimization variable between its upper and 1lover linits,
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Hare th2 number of itarations required t> determine an
optinum soluticon was somnewvhat higher than b2fore. In
addition, it is vparticularly interesting to note that once
duriny =2ach loop through the file 5f true wind headings, two
aljacant optimized equilibruims had angles of attack
diffariany by approximately fifty-five degrees, thus showing
the po>wa2r of the second-order Newton-Raphson technigue and
its ability to converge to a solution 2van after passing
througyh a nearly discontinuous jump like the one indicated,
®hysically this Jjump corresponds to an abrupt change from
lift- to drag-aeradynamics for the sailwing. The procedure,
PMCDL, and the input deck for this run are reproduced in

Aprendizas B and C respectively.
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CLOSIHNG REMARKS

By 111 appearances, the program described in this paper
has met each of the objactives set forth at the
introduction. Despitz the generality and application
flexibility achieved by the program, the constant attention
paid to computational efficiency throughout the praogram’s
developneat has yieldedi a procedure which is as fast, o¢
fastar, computatisnally than the more specializel programs
dascribei_in {1 and [4). 111 of these programs w2re run on
th2 sam2 IBM 370-163 at %,I.T., so maghine speed is not a
factor 1in determininé the time required to <compute a
performince eguilibrium. Thus, the progran which has been
describel herein, has escaped one of the greatest pitfalls
ciInnon to nost "general®™ programs.

Tn conclusion, it is thas 3uthor®'s opinion that the
generality of the program develoved and th2 ease with which
tha mathenatical model Jescribing th2 sailbs2at can  be
altered, makes this a potentially powerfaul invastigative

tsol for the yacht designer ani researcher alike.
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Tha following are reductions of the comnputer output
pcoducel for the two test runs ia2scribed in this paper. They
are prasanted her2 in the order in which thev were
discussa2d, namely the run with the more conventional
four-iegyrze-of-freedon nodel first, follaw2l by the run used
to investigate the effectiveness of a siilwing in 129 of a

more conventional rig.
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YACHT PERPORMANCE PAGE 1

15 AUGUST 75 SAILING
GEORGE 5. HAZEX WITH OPTINIZATION
SANPLE POUR DEGREE OF PREEDON MODEL WITH ONE DEGAEE OF OPTIMIZATION

MODEL TINTORMATION

HYDRODYNANIC NODEL: GIP HUNGER'S GINCRACK HYDRO

THE FOLLOWING IS A LIST DP COEBPPICIENTS, AND THEIR VALUES, USED BY THIS HODEL:

c4 c5 CXR

cl
1.7800E-02 3. 4000BE-01

c1 c2
8.40008-04 7.%000E-02

8.6000E-04 3.4000E-03

AERODYNAHMIC MODEL: GIPF MONGER'S GINMCRACK AERO
THE FOLLOWING IS A LIST OF CORBPPICIENTS, AND THBIR VALUES, USED BY THIS MODEL:

C3A CHCE
7.5000E-01 7.0000E-01



15 AUGUST is SAILING YACHT PERFORMANCE
GEORGE S. HALBE WITH OPTINIZATION

SANPLE roUn DEGREZE OF FREEDON MODEL UITH ONE DEGREE OF OPTINIZATION

BXECUTION TINE OPTIONS

PAGE 2

S Y e Y A e A A e kT o e A ey b D e Wl e D D o e S S AR Al T T o

HORDER OF BOATS = 2
BITH CHARACTERISTIC LEXNGTHS OF: 23.80 25.00
DEGREES OF FREEDOA = 4

THE INDEPENDENT TARIABLES ABH: VB, FHI, LANDA, RUDDER

THY NAXINUN AHD NININUM TALOES ALLOWED FOR THESE VARIABLES ABB:
1.2000E401 4.0300E+01 1.2000E+01  3.5000E¢0%
5.0000E-0f -%.0000E¢01 -1,2000E¢01 -3.5000E+01

THE REQUIRED CONVERGENCE TOLEREMCES ARE:
1.0000E-03  1.0000B-01 1.0000E-0%  1.0000E-0%

THE VARIABLE TO BE OPTINIZED IS: REEP

THE HAXIMGH AWD NININUN YALUES ALLOWED FOR THE VARIABLE (3S) ARE:
1.00008+00 '
3.30002-01

THE REQUIRED CONVERGENCE TOLERENCES ARE:
1. G0QOE-03

BAXIBON ITERATIONS ALLOWABLE POR COHVERGEUCE IS 10

TABLE OF TRUE VIKD YELOCITIES

1.0000E+01  2.0000E+0Y 3.0000E+01 4.00008+01

TABLE OF TRUE WIND HEADINGS

1.80608¢02 1,60008+02 1.5000E+02 1.2000B8+02 1.0000B+02 8.0000B+0 1 6.0000E+0?
2.5000E+01 2,0000E+01

e R e A

Y8/¥T POR START-UP IS 3.80000E-01%
THE OPTIRIZATION VABIABLE (S} ABEZ SET TO THE FOLLOWING VALUES AT START-UOP:
1.00002+00

§,.0000E+0?

3.50008+401

3, 0000E+0Y



15 AUGOST 75 SATLING YACHT PERFORHANCE PAGE 3
GEORGE S. HAZER WITHE OPTIBIZATION

SABPLE FOUR DEGEBER OF FREZDOM HMODEL WITH ONE DEGREE OF OPTINIZAYTION

CHRRACTERISTIC LENGYH = 23.800

YT GAHNA Vi BETA yag L L] PHI LANDA BRUDDER REEF
10.0 180.0 6.0 180.0 ~4.0 4.026 0.002 0.000 0.000 1.000
10.0 160.0 6.2 146.5 =-4.0 4.228 0.176 0.126 0.017 1.000
0.0 .140.0 7.1 115.6 =-3.5 4.584 0.703 0.417 0.088 1.000
10.0 120.0 8.7 90.3 -2.5 4.961 t.528 0.743 0.238 1.G00
19.0 10¢.0 14.5 10.4 -0.9 5.247 2.464% 1.025 0. 446 1. 000
16,0 e0.0 12.1 4.2 0.9 5.374 3.2% 1.2u1 0.619 1.000
10.0 60.0 13.4 40.1 2.6 5.29¢0 3.514 1.402 0,659 1.000
10.0 40.0 14.1 27.1 3.9 4,907 3.212 1.549 0.492 1. 060
10.0 35.0 . 23.9 3.9 4.740 3.042 1.595 0.428 1.000
10.0 30.0 14.9 20.8 3.9 4,528 2.835 1.656 0. 2357 1. 002
10.0 25.0 1443 17.6 3.9 4.252 2,592 1.747 0.281% 1.000
10.0 20.0 13.7 14.5 3.6 J.an2 2.309 912 0.202 1.000
20.0 180.0 14,2 100.) -5.8 5.778 =-0.000 0.000 0.000 1,000
20.0 160.0 14.5 1519 ~5.6 5.993 0.696 0.2)9 0.181 1.020
20.0 10.0 15.7 125.0 ~-4.9 6,334 2.6814 0.646 0,800 1.000
20,0 120.0 17.6 00,9 -3,3 6.671 34602 1.038 1.6875 1. 000
20.0 100.0 20.) .1 -1,2 €.906 8.733 1.281 3129 1.000
20.0 80.0 22.3 62.1 1.2 6.970 11.1213 1.452 4,026 1. 000
20.0 €0.0 2u4.1 4s.8 3. b 6.B24 11.953 1.688 4.081 1.000
20,0 40.0 25.2 30.7 1.9 6.369 10.847 2.106 3. 129 1.000
20.0 35.0 25.3 27.0 5.1 6.174 10.274 2.258 2.752 1.000
20.0 30.0 25.3 23.13 5.1 5.927 9.592 2,443 2,332 1.000
20.0 25.0 25.2 19. 6 5.1 5,605 8,804 2.6487 1.3878 1.020
20,0 20,0 24.9 15.9 4.8 5.159 7.908 3.057 1. 338 1.000
30.0 180.0 22.9 180.0 -7,1 7.053 ¢.000 0.000 0.000 1.000
36.0 160.0 23,3 153.9 -6.8 7.282 1.569 3.237 0.6%0 1.000
30.0 140.0 24.7 128.6 -5.8 7.603 5.942 0.519% 2.815 1.009
30,0 126.0 26.9 105.4 -3,9 7.846 12.1713 0.581 5.9756 1.000
30.0 100.Q0 29.7 84.8 -1.4 7.898 18.5690 0.04% 9.053 1.000
30.0 80.0 32.3 66,1 1.3 1.713 23,153 d.418 10,837 1. 000
30.90 60.0 34,4 49,1 3.8 T.544 23.29% 3.910 9.925 0.981
30.0 40,0 35.9 32.6 5.5 7.122 22,232 1.58% 8,325 1. 000
30.0 35.0 35.9 28.6 5.7 6.947 21,089 1.902 T.415 1. 000
30.0 30.0 362 24.6 5.8 6,716 19.735 2.288 6. 386 1,000
30.0 25.0 35.9 20.7 5.8 6.4G3 18.179 2.771% 5,209 1.000
30.0 20.0 35.7 16.7 5.6 5.952 16.417 3. 440 4.012 1.000
40,0 1806.0 3%.9 180.0 -B.t B.091 0.000 ¢.000 0.000 1.000
42.0 160.0 32.3 154.9 -7.8 8.1330 2.768 0. 066 1. 748 1.009
40.0 140.0 33.9 130.6 =6.6 8.579 10.455 -0.112 "6.622 1,000
40.0 1%20.0 36.5 108,31 -8.,3 8.534 21.050 =0.714 12.778 1. 000
40.0 100.0 39.a 88.0 -1.4 8,314 23,1848 0.114% 11,695 0.901
40.0 00.0 42,2 69.1 1.4 8.110 23,301 0.863 10.292 0.0238
40.0 60.0 u4.5 51.2 3.% 7.0852 23.303 1.389 9.341 0.823
40.0 #80.0 45.9 34.9 5.7 7.830 23.21 1.936 8.137 0.853
40.0 35,0 u6.1 29.8 5.9 7.259 23.176 2. 139 7.987 0.8569



15 AUGUST 75 SAILING YACHT PERFORMBNCE PAGE &
GEOBGE 5. HAZEN FITH OPTINIZATION

SANPLE POUR DEGREE OF PREEDOM MODEL WITH ONE DEGREE OF OPTIMIZATION

CHARACTERISTIC LENGTH = 23.800

¥T GAHRA ¥A BETA ¥Y§G Ve PRI LANDA RUDDER REEF
40,0 30.0 n6.2 25.6 6.1 7.039 23.162 2.409 7.561 0.889
40.0 25.0 86.2 21.5 6.1 6.T45 23,148 2.804 6.998 6.91%
46.0 20.0 46.0 17.3 5.9 6.324 23,206 3.450 6,241 3. 945

i e T T e A O e A e -



15 AUGOST 75 SAILIHG YACHT PRRFORHANCE PAGE 5
GEORGE S. HAZEN SITH OPTIMIZATICH

SANPLE POUR DEGREB OF PREEDOW MODEL WITH ONE DEGREE OF OPTIMIZATION

CHABACTERISTIC LEMGTA = 25.000

¥T GARAA Ta BETA ¥HG ¥B PHI LANDA RUDDER REEF
10.0 180.0 5.9 180.3 ~-4.1% 4.058 0.000 =0.600 0.000 1.000
10.0 160.0 6.2 1u46.3 -b.0 u,264 0.164 0.131% 0.017 1. 000
0.0 0.9 7.1 115.3 =-3.5 4.627 6.671 0.432 0.086 1.000
10.0 120,90 8.7 8%.9 -2.5 5.011 1.459 0.7711 0.234 1. 600
10.0 100.0 10,5 M. =-0.9 5.303 2.355 1.066 0. u40 1.000
10.0 80.0 12,2 53,9 0.9 S.433 1.076 1.292 0.612 1. 000
10.0 60.0 13.5 39.9 2.7 S5.308 3.361 1.460 0.643 1.000
10.0 40.0 14,2 27,2 3.8 4.960 3.0713 1.610 0,487 1.000
10.0 15.0 14.2 23.9 3.9 4.7%% 2,910 1.657 0.423 1.026
10.0 30.0 14.1 20.7 8.0 4.576 2.713 1.719 0.352 1.009
10.0 25,0 14,) 17.6 3.9 4,297 2.480 1.81) 0.277 1.000
10.0 20.0 13.7 14,4 1.7 .91 2.208 1.983 0.199 1.000
20.0 180.0 14,2 80,0 -5.8 5.829 -0.000 0.000 0.000 1.000
20.0 160.0 14.5 151.8 ~-5.7 6.0u8 0.6613 0.218 0.177 1.000
20.0 140.0 5.7 1%24.8 -4.9 6.39u 2.557 0.5679 0.784 t.000
20.0 120.0 17.6 100.7 ~-3.4 6,742 S.342 1.099 1.847 1.000
20.0 100.0 120.0 79.9 -t1.2 €.9683 8,335 1. 369 3.095 1,000
20.0 8c.0 22.3 61.9 1.2 7.053 10.625 1.558 3.9%4 1.000
20.0 60.0 24.2 5.7 3.5 6.978 11.424 1.805% 4.056 1.000
20.0 0.0 25.3 3¢.6 4.9 G.445 10.368 2,228 3,107 1.000
20.0 35.0  25.% 26,9 5.1 6,247 2.820 2.380 2.730 1.000
20.0 30.0  25.4 23.2 5.2 5.9%6 3,168 2.567 2.312 1.000
20.0 25.0 25.3 19.6 5.1 5,668 a.414 2,815 1.860 1.000
20.0 20,0 25.0 15. ¢ 6,9 5.215 7.556 J.192 1.383 1. 000
30.0 18C.0 22.9 180.0 -7.1 7.117 0.000 0.€00 0.070 1.000
30.0 160.0 23.2 153.8 -6.9 7. 350 1.486 0.223 0.675 1.000
30.0 140.0 24.6 28,4 5.9 7.679 5.660 ¢.574 2,768 1.000
e.0 120,0 26.9 105.2 =-4.0 7.937 11.678 0.681 5,974 1.G00
30.6 100.0 29.7 a4.6 -1.4 8.011 17.724 0.577 9.020 1.000
30.0 80.0 32,3 66.1 1.4 1.903 22.141 0.560 10.853 1. 000
3C.0 60.0 34.5 48.9 3.8 7.673 23.281 0,921 10.563 0.9%6
30.0 40.0 35.8 32.5 5.5 T.239 2,278 1.748 6.33% 1.000
30.0 35.0 16.) 20.5 5.8 7,056 20.17% 2.073 7.419 1.000
30.0 ic.t 36.1 20,6 5.9 6.817 16.978 2,465 6.382 1.000
30.0 25.0 36.0 20,6 5.9 6,094 17.384 2.954 5.237 1.000
30.0 20.0 35.7 16.7 5.7 6.031 15.693 3.6139 3.995 1.000
40.0 180.0 31.8 180.0 -8.2 8.167 0.000 0.000 0,000 1.0%0
40.0 160.06 32.2 154.9 -7.9 8.409 Z,636 0.091 1.713 1.000
40.0 140.0 33,8 130.5 =-6.6 8.676 9.961 -3.030 6.529 1,009
40.0 120.0 36.4 108.1 -~4.3 8.670 20.090 ~0.589 12,716 1.000
40.0 100.0 39.4 87.8 -1,% 8.454 23,1813 0.07¢ 12.448 0.915
40.0 80.0 42.2 66.9 1.4 8,249 23,299 0.868 10.961 0. 851
40.0 60.0 84,5 $1.1 4.0 7.997 23,302 1.424 9.949 0.0836
a0.6 40.0 46.0 33.9 5.8 7.557 23.210 2,004 8,877 0.866
0.9 35.0 8é6.2 29.7 6.0 7.383 23.175 2,219 a.504 Q.882



15 RUGDST TS5 SAILING YACHT PERFORHAMNCE PAGE 6
GPORGE S, HAZEN WITH OPTINIZATION

SAMPLE FOUR DEGREE OF FREEDOH NODEL WITH OHE DEGREE OF OPTIMIZATION

CRAABACTERISTIC LEMGTH = 25,000

YT GANNMA T BETA G 1 2:] PHI LANnpa RODDER REEP
40.90 30.0 46.3 25. 6 6.2 7.159 23,161 2.505 8.049 0,97
40.4¢ 25.0 46.3 21.4 6.2 6.859 23,148 2. 523 T 49 ¢.928
0.0 20.0 46,1 17.3 6.0 6.430 23.205 1.606 6.641 0.960
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GEORGE 5. HAZEN NITH OQPTINIZATIOH

SANPLE FOUR PEGREE OF PREEDON HODEL WITA ONE DEGREE OF OPTINIZATIOR

CONPUTATION STATISTICS

T4E TOTAL HUMBERE OF EQUILIBRIUNS CONPUTED WAS 417, OF WHICH 96 WERE OPTINUOR,
TOTAL CPU TIBE SPENT COMPUTING EQUILIBRIUNS WAS 1760 HUMDRETHS OF 1 SECOMD,
THE AYERAGE TISE REBQUIRED TO CONPUTE & SINGLE EQUILIBRIUN WAS &4, 220623E+00 HUNDRETHS OF A SECOND.

PAGE 7
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GEORGE 5. HAZEN WITH OPTIMIZATION

A SAILMING USED AS PROPULSION FOR A SAILBOAT
HODEL EINFORMATION

HYDRODYNAMIC MODELS GIF MUNGER'S GIMCRACK HYDRO

THE FOLLOWING IS A LIST OF COEFFICIENTS, AND THEIR VALUES, USED BY THII MODEL:
c1 c2 3 C4 €5 CXR
68.5000E~04 3.4000E-03 8.4000E-04 T.1000E-02 1. TO00E~C2 3.4000€-01

AERODYNAMIC MODELZ SAILWING TOLYNOMIAL AERO (PRINCETON}

THE FOLLOWENG ES A LIST OF COEFFICIENTSy AND THEIR VALUES, USED 8Y THIS MODEL:

C54 CHCE .
7.5000E~01 ¥.9G00E~01]

PAGE 1}

————— -



18 AUGUST 75 SAILING YACHT PERFORMANCE PAGE 2
GEORGE 5. HAZEN WIFH OPTINIZATION
A SAILWING USED AS PROPULSION FOR A SAILBOAT
EXECUTION I!HE OPTLONS
NUMBER CF B0ATS = 1
MITH CHARACTERISTIC LENGTHE OF:2 23.280
DEGREES OF FREEDOM =« 4
THE INDEPENDENT YVAR[ABLES ARE: V8, PHI, LAMDA, RUDDER
THE MAXIMUM AND MINIMUM VALUES ALLOWED FOR THESE VARIABLES ARE:
1.20C0E+0OL 4,0000E+01L 1.2000€4+01 3.5000E+01L
5.0GC0E~01 ~4,0000E+01 -1.2000E+01 -3,5000E+01
THE REQUIRED CONVERGENCE TOLERENCES ARE:
1.06G0E-03 1.0000E-01 1.0000€E-01 1.00C0E-0%
THE YARIABLE TO BE OPTIMIZED 153 ALPHA
THE MAXIMUM AND HINIMUNW VALUES ALLOMED FOR THE VARIABLE(S) AREs
9.0GGOE+ 01
~1.0006E+01 )
THE REQUIRED CONVERGENCE TOLERENCES ARE:
1.000GE-01 '
MAXIMUM ITERATIONS ALLOWABLE FOR CONVERGENCE IS 10
TABLE OF TRUE WIND VELDCITIES
1.0000E+01 2.0000E+01 3.0000E+01 4 .0000E+0D1
TABLE OF TRUE WIND HEADINGS
2.0000E+01L 2.5000E+01 3.0000£401 3.5000E+01 4.0000E+01 5.0000E +01 6.0000E+01 7.0000E+01L 8.0000E+01 92.0000E+J1
1.0000E+02 1.1000E+02 1.2000E+02 1.300GE+02 1.4000E+02 1.5000E+92 1.5300E +02 1.6000£402 1.6500E+02 1.TO00E+Q2
1.7500€+02 1.8000€+02
¥B/VT FOR START-UP IS5 3.80000E-01 A

THE OPTIMIZATION VARJABLEIS) ARE SET TO THE FOLLOWIMNG VALUES AV START-UP:
0.0000k+00



_‘[g_

18 AUGUST 75 SAILING YACHT PERFDRMANCE PAGE 3
GEGRGE $. HAZEA WITH OPTIKMIZATION

A SRILMING USED AS PRUPULSION FOR A SAILBOAY

CHARACTERISTIC LENGTH = 23.800

VYT  GAMMA VA BETA VMG ve PHI1 LAMDA RUDDER ALPHA
10.0 20.0 14.0 14.2 3.9 44150 5.995 3.974 0.682 6.63%
10.0 25.0 14.¢ i7.3 401 §.473 6.291 3.519 0.220 T.620
10.0 30.0 14,3 2a.5 4.1 4.726 6.422 3.163 0,932 8.349
10.0 35.0 14.3 23.6 4.0 4.931 6424 2.865 1.020 8.915
10.0 40.0 14.3 26.7 3.9 5.100 6.324 2. 607 1.081 3.376
10.0 5G.0 [4.1 23.0 3.4 5.353 5.885 2.169 1.124 10.089
10.0 60.0 13.6 39.5 2.8 5.520 5,211 1.799 1.072 10.632
10.0 10.0 13.0 46.1 1.9 3.61% 4.386 1.473 0.%942 11.072
10.9 80.0 12.3 53.2 1.0 5.644% 3.484 1.175 0.766 Lie449
10.9 90.0 11.5 60.7 0.0 5.616 2.573 0.89% 0.556 11.788
1.0 100.0 L10.¢ 68.9 -~1l.0 5.535 1.71% J. 632 0.357 12.104
10.0 110.0 9.6 78.1 ~-1.48 5.40% 0.95%6 0.38]) 0.187 12.420
10.0 120.0 8.7 88,5 =2.6 5.231 02.325 0.143 0.058 12.757
10.6 130.0 7.8 1060.5 -3.2 5.012 -0.165 -G.08L -0.026 13,336
10.0 140.0 Tel 1ibed =3,6 4,749 ~0.535 ~-0-294% -0.073 13.086
10.0 150.0 6.5 130,1 -3.9 4.457 -D.805 -0.597 =0.093 14.766
10.0 155.0 b.4 136.4 -3.9 4,298 -0.911 -0.621 -0.096 15.49%
10.0 160.0 6.3 147.0 -~3.9 4.128 ~0.996 =0.740 -0.095 16.681
10.0 1465.0 6.3 155.6 -3.8 3.544% -1.027 -0.839 -0.088 19,049
10.0 170.0 9.9 162.8 ~4.2 4.240 -0.092 -0.066 -2.009 80.351
10.0 l1500 5.8 ‘7&-* =-hel %207 "0-127 -0.092 -0.012 90.000 NOT OPV.
10.0 180.0 5.8 180.0 -4.2 4.211 0.005 0.003 0.000 20.000
20.0 20.0 25.0 15.9 5.0 5.203 18,275 5.14%4 3.525 5.689
20.0 25.0 25.2 19.6 5.1 5.657 18.817 4,308 4,142 4,511
20.0 0.0 25.3 23.2 5.2 5.958 19.023 . 3.6 4.608 T.193
20.0 35.0 25.3 26.9 5.1 6.2142 18.911 3.170 5.G90Q T.795
20.0 #0.0 29.3 30.6 4.9 62439 18.545 2.748 5.404 d.347
20.0 50.0 24.9 38.0 4.4 6.T89 17.148 2.086 5.696 9.334
20.0 60.0 24.3 45 .4 3.5 7.060 15.080 1.6G1 5.548 10.172
20.0 70.0 23.5 53.1 245 T1.252 12.516 1,239 4.981 10.86¢%
20.0 80.0 22.5 61.2 1.3 T.362 9.673 0.92517 4.C71 1i.430
20.0 30.0 21.3 69.7 0.0 1.3 6.763 G.715 2.943 11.912
20.6 100.0 20.1 78.9 -1.1 72343 3.975 0.474 L. T46 12.335
20.0 110.0 18.8 88.8 =-2.5 1.224 1.453 G.203 0.628 12.7132
20.0 120.0 17.6 9.7 =3.5 T.03% -3.700 L IR R L) -Q.28% 13.326
20.0 130.0 16,5 11l.5 ~4.4 6.781 -2.494% ~0.465 -0.895 13.8%
20.0 140.0 15%.6 124.5 =-5.0 b.4T9 ~3.920 ~0.848 -l.228 14.520
20.0 150.0 15.0 138.2 -5,3 6.129 =-5.010 ~1.261 -1.345 15.6719
20.0 155.0 14.8 145,3 -5.4 5.931 -5.405 -1.517 -1.331 I6.682
20.0 160.0 Ll4.B8 152.4 -5.4 5.715 ~5.588 ~1.740 -1.252 i8.39%
20.0 165.0 14.2 158.6 =-5.9 6.135 -0.571 ~0.160 ~3.k58 TT.445
26.0 170.0 14.0 165.7 =-6.0 6.089 -0.361 -0.104 -0.U98 32.8686
20.0 175.0 14.0 172.8 -6.0 6.062 ~D.441 ~0.129 -G.119 90.0C0 NOT OPV.
20.0 130.0 13.9 180.0 ~-6,.1 6,072 0,028 0.008 0.007 90.000
30.0 20.0 35.% 16.9 5.3 5,648 27.076 4.748 6.122 1.1464

30.0 25.0 35.5 20.9 55 6.020 27,245 3.780 T.021 1.350
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GEORGE S. HAZEN - WITH OPTIMIZATEION

A SAILWING USED AS PROPULSION FOR A SAILBOAT

CHARACTERISTIC LENGTH = 23,800

VT GAMMA VA BEVA VMG Vo PHY LAMDA RUDDER ALPHA
30.0 36.0 35.6 24,9 5.5 6.332 27.297 3.042 7.850 1.636
30.0 35.0 35.6 28.9 S.4 6.607 27.226 2.436 8.627 2.023
30.0 40.0 135.5 32.9 5.3 6.857 27.065 1.916 9.361 2.531
30.0 50.0 135.2 40.8 4.7 7.313 26.521 1.036 10.724 3.989
30.0 60.0 34.5 48.0 3.9 T.736 25,095 0.350 11.645 6.106
30.0 70.0 33.7 56.9 2.8 8.117 21.85) -0.G65 11.443 8.110
30.0 80.0 32.5 65.2 1.5 8.420 17.391 -0.232 10.118 10.055
30.0 90.0 31.2 74.0 0.0 8.61) 11.947 -0.192 7.565 11.296
30.0 100.0 29.7 83.3 =-1.5 8.663 6.368 -0.273 4.294 12.155
30.0 i10.0 28.2 9.4 -2.9 8.578 1.104% 0.001 0.774 12.852
30.0 120.0 26.8 104.3 -4,2 8.356 -3.538 ~0.073 ~2.230 13.710
30.0 130.0 25.6 116.1 -5.2 8.043 -T7.480 -0.320 -4.064 14.540
30.0 140.0 24.6 128.5 -5.9 7.665 -10.585 ~0.725 -4.928 15.763
30.0 150.0 24.0 1i41.3 -6.3 T.232 -12.459 -1.258 =4.924 18.032
30.0 155.0 23.3 ([4T.1 =-6.9 Te591 ~0.086 -0.009 -0.044 72.393
30.0 160.0 23.1 153.6 -T.1 1.536 -0.974 -0.1C4 -0.477 75.285
30.0 165.0 22.9 160.1 -=7,2 T.480 ~1.262 -0.142 -0.603 79.139
30.0 170.0 22.7 166.7 -7.3 T.436 -0.351 -0.042 -0.167 84.295
30.0 175.0 22.6 173.4 -T7.4 T.418 -0.097 -0.012 -0.046 90.000 NOT OPT.
30.0 180.0 22.6 180.0 -7.4% T.425 0.072 0.009 0.034 90.000
40.0 20.0 45.4 17.5 5.4 5.717 29.637 4.516 6.957 -2.173
40.0 2%.0 45.6 2t.8 5.5 6.096 29.254% 3.532 7.820 -2.135
40.0 30.0 45.7 26.0 5.6 6.417 29.226 2.763 8.751 -2.017
40.0 35.0 45.7 30.2 5.5 6.702 29.042 2.129 9.611 -1.082¢
40.0 40.0 45.6 34.4 5.3 6,966 28.858 1.571 10.467 -1.549
40.0 50.0 45.2 42.7 4.8 1.462 28.564% 0.572 12.270 -0.701
40.0 60.0 44.5 51.1 4.0 7.94) 27.2089 -Q.263 13.757 0.344
4%0.0 70.0 43.6 59.5 2.9 8.426 25.9986 -1.099 15.508 2.6869
40.0 80.0 42.5 68.0 le6 8.95% 23,405 -1.751 16.460 6.3C1
40.0 90.0 41.1 T6.7 0.0 9.433 17.010 -1.642 13.773 9.613
40.0 150.0 139.5 86.0 -1.7 9.703 8.435 -0.913 7.703 11.545
40.0 110.0 37.8 %.1 -3.3 9.692 -0.076 0.008 -0.077 13.343
40.0 120.0 36.2 107.1 -4.7 9.3563 -7.883 0.606 -6.536 1464.969
49.0 130.0 35.0 118.8 =-S.7 8.897 -13.348 0.581 -9.225 17.725
40.0 149.0 33.8 130.4 =6.7 8,744 5.613 -0.162 3.919 63.882
40.0 150.0 32.7 142.3 -T7.6 8.735 0.7688 -9.011 0.584 668.897
40.0 155.0 32.3 148.5 -T.9 8.692 -0.396 0.004 -=0.291 73.295
40.0 160.0 32.0 154.7 -8.1 8.633 -1.406 0.006 =J.999 76,899
40.0 165.0 31.3 }1¢61.0 <-8.3 8.576 -1.297 -0.002 =3.906 80.973
40.0 170.0 31.6 167.3 -8.4 8.535 =0.170 -0.001 -0.119 85.177
40.0 175.0 31.5 173.7 -8.5 8.518 -0.183 -0.001 -0.128 89.333 NOT OPT.
40.0 180.0 31.5 180.0 =-8.5 8.527 0.141 0.001 0.099 90.0€0

'\P\\
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18 AUGUST 75 SAILING YACHT PERFORMANCE
GEORGE S. MAZEN WITH OPTIMIZATION

A SAILWING USED AS PROPULSION FOR A SAILBOAY

COMPUTATION STATISTICS

PAGE 5

THE TOTAL NUMBER OF EQUILIBRIUMS COHPUTED WAS T77¢ OF WHICH 88 WERE OPTIMUM.
TOTAL CPU TIME SPENY COMPUTING EQUILEBRIUMS WAS 4875 HUNDRETHS OF A SECOND.
THE AVERAGE TIME REQUIRED TO COMPUTE A SINGLE EQUILIBRIUN WAS 6.274131E+00 HUNDRETHS OF A SECOND.



Sailing Yacht Performance with Optimization

APPRENDIY B

Th2 procedures containing the mathematical models used
by the two runs discussed in this paper are reproduced in
this appandix. Both procedures were given the name, PMODL,
and ware comnpiled and link-edited to the main program just
prior to the time of execution,

Th2 raquiremants §laced on the format of the procedure,
PM2DL, 2and its entry points by the main program are as
follows:

1. The procedure PYIDL shall have eight entry points with
tha labels: P¥ODL, MODLIN, ERFX, ERFY, ZEFZ, EINX, ERNY
and =RMZ.

2. Tha argument lists for each of the entry points should
be of the form indicated by the two a2xamples reproduced
herain,

2, ?yyutines that compute raquired guantities, a2g. the
apparent vind triangle, should be 1includ=23 in P¥ODL as
intarnal procedures. Both examples show the us2 of the
sinola procedure TRI which can be used to compute the
apparent wind speed and angle, {Note the usé of the
axta2rnal variables VTCOSG and YTSING., These variables

have been previously calculated by the main bprocedure.)

Th2 following 1is a list of the rsgquired s2antry points

and stataments concerning each their arguemants,

- 54 -
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PUDDL: PRICEIMIRE (MDLNAM NHCOF,NAZOF,DOF,DOP)

MDLNAM - vector of names given to th2 azrodynamic and
yydrodynamic portions of th2 math moisl; each element
ieclared as being a maximum 5f 40 characters in length.
YHZ2? = number of coefficients to be inpat to the
hydrodynamic molal.

NACOF =~ number of coefficients to be input to the
aarodynamic model.

DOF - degrees-of-freedom in model.

3o0P - degrees-of-optimization in model. If equal ¢to
zerd?, the variables O iand OVARNAM shoull still be

dinensioned as single elenent vectors.

BODLIY: RNTRY ([HCOFNAM,HCOPVAL,ACOPNAM ,ACOFVAL,OVARNAM)
BCOFNL N - vectar of names for hyirodynamic
zoefficients, NHCOP elemants.

HCIFVAL -~ vector of values read from file COSFF for the
hyirodvnamic coafficients,.

ACO?9AM, ACIOFVAL -~ like IACIPYAM and HCOPVAL, but for
the aerodynanic mnodel.

JVYARNAM - vector of nam2s given to the optimization
variables., DOP elements, dJdeclarel a maximuom of six

characters in lenqgth.

u

3FY, ZRTY, TRFZ, FRXX, RIMY,ER®Z: SNTRY (0,P)
7 - va2ctor of optimization wariable values, dimensioned

ns3o,
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D - vector of indevendent variable values, dimensioned
Do#,

Yot=2: Tach of these entries returns a function valae,
in this case the value of ERR, or th2 3liffa2rance in the
aers and hvdro components of tha principla force or

nmomant equation heing evaluated.

- 56 -



UeM11098,12843.MODELLLPLI

PMODL : PROCEDURE (MDLNAMyNHCOFNACDF,DOF,DOP)3 00300010
JEERER AT RS RE R RS AR AR a AR RN EE IR I WF R AR SRR AR IRERRRRERR KR RESK /LS5 00020
J= #/GCC5C0G30
/% HYDRODYNAMIC AND AERD DYNAMIC MODELS USED TO EVALUATE THE *x/00000540
/¥ FORCES AND MOMENTS OMN THE SAILBOAT. * Q0600050
/* GIF MUNGER®'S HYCRO AND SAIL POLYNCOMIAL AERD, % /C0CGA060
/% =x/00000Q70
J R RRRR R ek KA AR RR RS KRR SRRk SRR kR kR TRk ek kkkkankEk /00000080
OCL ACOFNAM{2} CHAR(10), 60CqQ0090

HCOFNAMIG6) CHAR(10}), 00000100
(ERRsP(4}+Q{1)+ACOFVALL2)HCOFVALLS)) 00000110
FLOAT BINn(53), ¢0ggo1L20
ACOFVAL_SAVE(2) FLOAT BIN{53) STATIC, 00000130
HCOFVAL_SAVE(6) FLOAT BIN(S53) STATIC, 00000140
MOLNAM(2) CHAR(4D) 0QD0o0L50
{NACQF 4, NHCOF ,DOF , DOP) 00000160
FIXED BIN, 00000170
OVARNAM(1) CHARIS6) VARYING , Qoocol1an
{CONST1,CONST2,CONST3 ,CONST4,0ONE,THWO} BIN FLOAT(53) STATIC, 0CCCO19Q
(CONSTS;CONSTOCONSTT»CONSTBoAFXAFY 4, RFY) 000006200
BINARY FLCOAT(53) STATIC, 00000210
00000220

JERERERERnEea Rk kR xkrrx EXTERNAL VARIABLES *#adzxzaxsxskinxixx/00300230
£0000240

(XDIM, VA, BETA,VTSING, YTCOSG) BINARY FLDAT(53) EXTERNAL; 00500250
0002C02690

OME = 1.0EQ: TWO = 2.0E0; CONSTL = 1.19E~-335 CONSTZ = 5.4El; 02000270
CONST3 = 3,.0E1: CONST4 = 3.34E=-23 CONSTS = 3.0Els 00000280
CONSTS = 1.17E=23 CONSTT = 7.0E-13 CONSTS = 1.25E0: 00000290
NACQF = 23 NHCOF = 63 DCF = &3 DOP = 13 02000300
MOLNAM(1) = *GIF MUNGER®'S GIMCRACK HYDRO': 00000310
MOLNAM{Z2) = *'GIF MUNGER?''S GIMCRACK AERD%; 00000320
RETURN; 0oco03so

MODLIN: 03000340
ENTRY (HCOFNAM,HCOFVAL,ACOFNAM,ACOFVAL ; OVARNAM] ; 03000350
HCOFNAM{1) = *C1'; HCOFNAM(Z2) = *C2"; HCOFNAM{3) = 'C3'; 00000360
HCOFNAMU4) = 'C4%; HCOFNAMIS) = *C5*; HCOFNAMIG) = 'CXR*'; 00000370
ACOFNAM{1) = *CSA*: ACOFNAM{2) = 'CHCE*'; 00000380
OVARNAMILl)} = *REEF?'3; C0000390
GET FILE{LCGEFF) LIST({HCOFVAL,ACOFVAL): 00000400
ACOFVAL_SAVE = ACOFVAL3: 00000410
HCOFVAL _SAVE = HCOFVAL: 00000420
RETURNS 00G00430

ERFX: ENTRY (QsP) RETURNS(FLOAT BIN(S531); 00000440
CALL TRIj 0CI00450
PHI = ABS(P(2)); 000C0460
AFX = CONSTLI#(VA®X2 ) XACOFVAL_SAVE{L12(Q(L)*>2 )e{XDIM*R2}x GCOQO4TO
{SIND{GETA+CONSTS5} + BETAXLONSTG = CONSTT)I®{COSD{PHI) )%%2; 00000480
ERR = AFX 0000049G
- XD M (HACOFVAL_SAVE( L1 )1=ABS({P{1)*%4.8)/(COSDIPHI ) ¥%2)} 00600500
=XDIM® [HCOFVAL_SAVE(2)*ABSIP{3 )} (ONE+SINDIPHI} ) *P[1)%%2) 06000510
=XDIM® {HCOFVAL_SAVE{(3)*ABS(P{4) )*{ONE+SINDI{PHI) )=p{1}*%2)}; 000GC0520

: RETURN (ERR); £oosos30

ERMX: ENTRY [(Q+P) RETURNS{(FLOAT BIN{S53})}; 00000540
CALL TRIs 0Q0200550C
PHI = ABSI{PL{2)); 00000560
AFY = CONSTL* (VA%*2 ) ®ACOFVAL _SAVE(L i*(Q{1)*#2)x(XDIN**2}x% 00000570
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{{COSD(BETA/CONSTB-CONST2) ) %22 )2COSO(PH] ) %x2;3 05000580
ERR = XDIM*ACOFVAL_SAVE(2)®=AFY/COSD(PHI) _ 00030590
={XD[M=x4} xCONSTL*{ONE+COSD{PHE ) )*SINDIP(2)})3 6acCcos600
RETURN (ERRJ; Q0G00s10
ERFY: ENTRY (Q,P} RETURNSI{FLOAT BIN(53)); 00C005620
CALL TRI; 0COC0s639
PHI = ABS(P{2)}); 03000640
AFY = CONSTI*(VA®*2)wACOFVAL_SAVE{Ll)*(Q(1)*=2)#(XDIMk*2)* 03000650
((COSD(BETA/CONSTE-CONST2)) #5321 %COSDIPHI ) **x2; Q0030660
REY = XDIM*{HCOFVAL_SAVE(S5) %P (4 )% {ONE+SINDIPHI) 1 %P [ 1)%%2); Q0GQ06&eT0
ERR = AFY — RFY = XDIM*(HCOFVAL_SAVE{4}*P(3)*{0NE+SIND{PHI)) = 00000680
PIl)=*x2); 00300690
RETURN (ERR) 3 agoo0700
ERMZ: ENTRY (Q,P) RETURNSI(FLOAT BIN{S53))3 03000710
CALL TRI3 00000720
PHI = ABS{P(2))3 QCcscoT30
AFX = CONSTI*(VA%*2)}*ACOFVAL_SAVE{L )1%(Q(1 )**2 }x(XDIM%*2)% 000C0740
{SINDIBETA+CONSTS) + BETA*TONSTS - CONST7)*=(COSD(PHI})**23 09000750
RFY = XDIM*{HCOFVAL SAUEIS)*Pt4l*iDNE+S[ND(PHI)I*P(1)**2l' Q0000760
ERR = XDIM=ACOFVAL_SAVE(2)*SINDIP{2})=AFX ¢00300770
~XDIM*HCOF VAL _SAVE{6 )*RFY; god00780
RETURN (ERR)3; 03200790
ERFZ: ENTRY (Q.P) RETURNSI(FLOAT BIN(53}): 00000800
RETURN {0.0EC)s 00coa810
ERMY: ENTRY (QsP) RETURNS{FLDAT BINIS3)): Q0000820
RETURN {0.0ED)S Q0000830
fAFRERax R xELsuent® HIND TRIANGLE * mkkxikdkkskuxakkdeksarkir/ 00000840
TRE: PROCEDURES 02000850
VA = SQRTL(P(1) + VTCOSGI**2 + YTSING**2); 04000860
IF ABS(P(1) + VTCOSG) < 1.0E-8 THEMN BETA = 90.0: Q00GQ8 7D
ELSE BETA = ATAND{VTSING/(P{1) + VTCOSG))3 00000880
IF BETA <= 0.0 THEN BETA = BETA + 180.03 00000890
RETURNS 0Q00609¢C0
END TRIS - 00000910
END PMOLL: 00000920
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PMOOL:

PROCEDURE (MDLNAM,NHCOF,NACJOF,DOF,00P);

06200010

[HESIXARERAER AL LR IR R RIEREE R B RIRR KB RRZ U AR AANKERER SRR TR KA RKE% /(0000020

/%

/* HYDRODYNAMIC AND AERO DYNAMIC MODELS USED TO EVALUATE THE

/% FORCES AND MOMENTS OM THE SAILBOAT.
/* GIF MUNGER'S HYORD AND SAIL POLYNOMIAL AERO,
/%

*/0CGC0030
*/00000040
*/00000050
*/G0000060
*/00000070

/R R KRR RAR FREERERRRRTR AR S BR ARG R RRRER AR R kxR RkkxE /00000080

DCL ACOFNAM(Z2) CHAR(10),
HCOFNAM{&6) CHARI10),
{ERRyP{4),Q(1),ACOFVAL{2),HCOFVAL{6))
FLOAT BIN{53),
ACCFVAL_SAVE(2) FLOAT BINI(S53) STATIC,
HCOFVAL_SAVE(6) FLOAT SIN(53) STATIC,
MBLNAM{2) CHAR{4D) ,
(NACOF NHCOF ,DQF,D0OP)
FIXED BIN,
OVARNAM(l) CHAR(6) VAAYING ,

{CONST1,CONST2,CONST3,CONST4,ONE,TWO)} BIN FLDAT(53) STATIC,

(CONSTS5+CONST6yCONSTT7 ,CONSTB 1 AF Xy AFY 4RFY)
BINARY FLOAT{53) STATIC,

60CCa09%0
000C0100
0GC00110
00Qge120
00GC0136
0Cco%0140
0coools0
00000160
0coco170
000C0180
00GGO190
00000200
00500210
googo220

JRRp R Rk pRRRERpEahirs EXTERNAL VARIABLES ®wxaksxsknssanxdxs/00J00230

(XDIM; VA, BETA, VTSING, VTCOSG) BINARY FLOAT(S53) EXTERNAL:

ONE = 1.0EQ; TWO = 2.0EQ; CONSTl = 1.19E~3; CONST2 = S.4E1l;
CONST3 3.0E17 CONST4 = 3.,34E=-23 CONSTS5 = 3,0€1;

CONSTS 1.17E-23 CONST7 = T7.0E-1; CONST8 = 1.25EG;

NACQF = 23 NHCOF = 63 DOF = 43 DOP = 13

MDLNAMI1} = 'GIF MUNGER®*'S GIMCRACKX HYDRO'3
MOLNAM{2) = 'GIF MUNGER'"'S GIMCRACK AERD®:
RETURN;

MODLING:
ENTRY (HCOFNAM;HCOFVAL yACOFNAM,ACOFVAL ,OVARNAM) 3
HCOFNAM(1) = °"Cl*; HCOFNAM{2) = 'C2%; HCOFNAM({(3) = C3e;
HCOFNAM{4) = 'C&'; HCOFNAMIS) = "C5%; HCOFNAMIG) = 'CXR':
ACOFNAMI1) = *CSA*; ACOFNAML2) = *CHCE?:
OVARNAM{l1) = 'REEF';

ERFX:

ERMX:

GET FILE(COEFF) LIST(HCOFVAL.ACOFVAL)S

ACOFVAL_SAVE = ACOFVAL3

HCOFVAL_SAVE = HCOFVAL:

RETURNS

ENTRY (Q.P) RETURNS(FLOAT BIN{53}):

CALL TRIj

PHI = ABS(P(2));

AFX = CONSTL*(VA®22)%ACOFVAL_SAVE(L)I*(Q(1)%%2)1%(XDIM**2)=
(SIND(BETA+CONSTS5) + BETA*CONSTS6 =~ CONST7)*{COSO(PHI) }*=2;
ERR = AFX

= XDIME{HCOFVAL_SAVE(1)*A8S(P{1)**4.8)/(COSDIPHI 1%%2))
=XDIM* {HLOFVAL _SAVE(2)*ABS{P(3) }={ONE+SIND(PHI) ) =P {1)%%2)
~XDIM* (HCOFVAL_SAVEI[3)*ABS(P{4} )*{ONE+SINDI{PHI) ) *P( 1)%%2);
RETURN {ERR);

ENTRY {Q,P} RETURNSIFLOAT BIN(S53))3

CALL TRI;

PHI ABSIP(Z) )3

AFY CONSTLI®iVAS:2 ) ®ACOFVAL_SAVEIL1*(Q{1)*%2 ;& (XDIM®%2)*
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00000240
00400250
002G02¢0
¢l000270
00300280
00000290
43900300
00300310
40G003 20
00300330
03000340
32000350
00000360
00000370
. 00000380
000Co390
00000400
00000410
00000420
C0000430
00000440
00000450
00000460
00000470
02000480
00000490
00600500
06000510
00000520
C0000530
00000540
00000550
¢0000560
00000570
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({COSDIBETA/CONSTEB~COMNST2 ) ) %x2 )=COSDI{PH] j#x23 03620580
ERR = XDIM=ACOFVAL _SAVE{2)=AFY/COSDIPHT) 00220590
~{ XD Mxx4 JoCONSTLX (ONE+COSOD(PHL} ) *SIND(PL2})5 0acC0s600
RETURN {ERR)3 00030610
ERFY: ENTRY (Q,P) RETURNS{FLOAT BIN{53)): 00000620
CALL TRI: 0CQCo630
PHI = ABS(PI{2}): 00030640
AFY = CONST1=({VA=®2)XACOFVAL_SAVELLl)#*(Q{1)*%2)x{XDIM*x*2 )= 00000650
({COSD(BETA/CONSTE-CONST2)} )1 *%=212COSD(PH] }»=x23 Q0000660
RFY = XOIM={HCOFVAL_SAVE(S)®P (4} [ONE+SINDIPHI) )*P[1)*%x2); Q0CQ06 70
ERR = AFY - RFY - XDIM={HCOFVAL_SAVE(4)*P{3)*(ONE+SIND{(PHI)) * 00000680
P(l)%==%=2)3 ) 09000690
RETURN (ERR) 3% QQa3G07G0
ERMZ: ENTRY (Q,P) RETURNSIFLDAT BIN(53)); G33007190
CALL TRIs 00000720
PHI = aBStPl21): 0C320730
AFEX = CONSTI®{VA%X2 ) ACOFVAL_SAVE{1)#(Q{])*x2 )2 XDIMx%2)* 00060740
(SINDIBETA+CONSTS) + BETA®CONSTSE — CONSTT)®{COSD(PHI) )*%¥2; 00000750
RFY = XDIM%®(HCOFVAL_SAVE(S)*®*P{4)%{ONE+SINDI(PHI)} )*P(1)**x2)}3 00000760 -
ERR = XDIM*xACOFVAL_SAVE(2)}=SINDIP(2)])*AFX Q00900770
~ADIM=HCOFVAL _SAVE(5}*RFY3 00000780
RETURN (ERR);: ) 00200790
ERFZ: ENTRY {(Q,P} RETURNS{FLOAT BIN{(S31): 000008G0
RETURN {0Q.0EC): Qocoo81d
ERMY: ENTRY {Q¢P) RETURNS{FLOAT BIN(53))3 00000820
RETURN (0.0ED}3 QcQog83g
JEdionk gk wusdkarkd WIND TRIANGLE #wkkftaxnkkskpakkphichzkrxixx /00000840
TRI: PROCEDURES 02000850
VYA = SAQRT{I(P(1) + VTCOSG)*%x2 + VTSING*%2)3 000040860
IF ABS{P(1l) + VTCOSG) <€ 1.9E~8 THEN BETA = 90,03 Q0600870
ELSE BETA = ATAND{VTSING/(P{1) + VTCOSG))3 00000880
IF BETA <= 0.0 THEN BETA = BETA + 180.0; 00000890
RETURNS 000C09¢C0
END TRI: . 00000910

END PMODL; 00000920
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APPENDIX C

A, Taput deck for the first t=2st run,

// BYZC PLIXG,PRCG='U,1d,PFREFORM.LOAD{¥ON1)?

/73 A0X0UT DD DOMMY

/3. 20GS DD SYSCUT=A

//G. TTIRM DD DUEMY

//3.,COEFY DD =*

3.,20286 0.0238 J2,00C84 2,071 £.0178 0,34

3.75 3.7°

These are coefficient wvilues for inclusion with
nathenatical nodel,

//753.,9T¥DY DD *

4 12 19, 29, 30. 49,

132. 160, 114G, 120, 100, 82, AJ. 43,

35. 33. 25. 20.

Numbar of true wind speeis and dirasctions, followed
thair values,

//G.STSEIN DD *

SANDPLE PFRU= DEGRET DF FPEIDOY MODEL WITH O¥F DIGZRIE
OPTIMIZATTION

2 23.8 25,7

Yunbar of leagths and their values,
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12.3 3.5 43.9 -42,0 12.0 -712.5 35,0 -33.0

3.921 0.1 3.1 3.1 b

Maximum and minimum valu=s for the independent
variables and their convergence tolerances.

1.2 2.33 g.Ccm1

Yaxinum and minimum values for tha o»ptimization

variable and its convergeace toleranzea,

12 C.38 1.2

Yagimum allowed iterations per soluation, Stat£ing
vyalue for the ratio V¥B/VI ani the optimization
variable,
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B, Input deck for the second t=2st run. ¥5r axplanatiosn o>f

input data see first run,

// TX7C PLIXG,PROG='U0.id.SAIL.LOAD(MCDN)
//3.AUX2UT DD DIMMY

//G.BUGS DD SYSOUT=3

//G. TER™ DD DIUMAY

//53.COEFF? DD *

2.333)86 00,0034 2,070848 23,271 02,0178 7. 34
3,75 3.7Q

//G.HINDY DD *

4 22 13. 20. 30, 40,

2. 25, 30. 35. 409, 50. 62. 70. 8C. 90.
160, 119, 120, 130. 7T40. 150. 155. 160,
155. 170, 175. 190.

//G.3YSIN DD *

A SAILAING USTD AS PROPOULSION P32 A S53ILBOIAT
1 23.8

12,3 0.5 47,0 -43.0 12.0 -12,72 35.0 -35.9
2.281 0.1 2.1 0.1

33, -1C. J.1

13 0.38 .0
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