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Abstract. For high performance yacht design systematic investigations of the design space play an increasing role. Normally, numerical tank testing and
race simulation programs are applied to find a set of near optimum designs which then are tested at model scale. Systematic shape variations, utilizing
the gradient of the performance with respect to the selected design variables, can significantly accelerate the search for an optimum design, due to the
reduction of designs to be evaluated. However, the gradual change of a hull shape is not a trivial task, especially if the design is governed by measurement
rules. Performing the task of systematic shape variation with respect to a set of design variables manually is quite impossible. Taking into account the
unique formulations of different measurement rules, no general tool can be applied. Instead a special design scenario has to be set up, where knowledge
from designers, software engineers, sailors and the owner has to be merged to a single-objective formulation. This paper presents the course of an
implementation, negotiations and the results of a parametric CAD-Program for aishore yacht measurement ru@grman L-Bogt Measurement
restrictions, integrated knowledge from the designers experience and the definition of design variables are subject of an extensive discussion. The resulting
modeller is fully based on parametric design principles and can be applied in an automated optimisation process without user interaction [1]. It is based
on variational principles applying fairness measures, resulting in numerical battens. A tailor made set-up for the specific measurement rule and important
parameters — identified in close co-operation with the designer — are made accessible and directly applicable for straightforward search of the optimum
design.

NOMENCLATURE design has so far been reserved to a limited number of re-

Vi Control point, i.e., vertex, of B-spline surface searchers with lots of experience in their particular field of

B Beam work.

E Eraﬁ victa i Making changes of the design in order to improve
y arametric faimess critena for curve its performance usually is a difficult task. It might take

G(x) girth length . .

L Length a couple of hours, and design constraints and the yachts

Nk(t)  B-spline blending functions performan_ce_ have to be _checked over again. Systematic

Rup Wave pattern resistance shape variation are very time consuming, successful intu-
itive modifications gratify the quality of the designer in-
volved in this task. This might also be a reason to classify

1 INTRODUCTION a successful yacht-designer as an artist rather than a scien-

tist.
The current design practice of sailing yachts is a highly in-

tuitive process and designers all over the world favor dif- T the design becomes a really complicated task, and
ferent approaches to make their specific design the most"€ @mount of money and prestige involved in a race cam-
successful. The success of a yacht depends on the desigh@i9n extends the usual, the believe into the designers in-
of the hull, rig, sails and appendages, but also on the per_tumon is ju:?‘t one part of the game. Therefore deS|gners_,
formance of the crew and, very importantly on the weather Meteorologists, naval architects, hydro- and aerodynami-
conditions during the actual period of the race. Specialised€!StS @nd other engineers are put together in teams for an

racing yachts are stuck to the single objective function of OPtimum design procedure. Each of them adds his or her

winning a particular race. Pleasure boats for racing and lknowlehdge about one or ks),everal pz:]rts of thbe ent|][ehpr(éb-
cruising purpose also have to match the owners complex/€M- The communication between the members of the de-

requirements of personal desires and believes. sign team represents the mterfaces between th(_e.vanous
o _ programs each of them applies to perform a specific task.

To generate a hull which incorporates all the require- This communication, pre- and postprocessing, merging of
ments desired and restrictions mentioned above as a georegylts causes comparable slow compilation before a de-

metric model on the computer takes — depending on thegjgn can be assessed satisfactorily. Design variations can
complexity and the designers experience — between a COUhardly be performed in a short time.

ple of hours and some days. Once accomplished, scientific L
methods are available for design assessment with regard Recent publications by the authors [2, 3] have focused

to resistance, seakeeping, rig forces, maneuverability, racé®? the integration of parametric design of hulls and ap-
simulation etc. and their results are reliable to a certain ex-P€ndages and automated design assessment including for-

tend. The application of first principle methods in yacht M2l optimisation on the basis of computational fluid dy-
namics and non-linear programming techniques. Design

!FRIENDSHIP-Systems constraints have been treated as implicit constraints within
“Carpe Diem Yacht Design the parametric design approach. However, the integration

3 - . .
,FRIENDSHIP-Systems of measurement rules and owners requirements result in a
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rather complex set of constraints. While the formulation of

the design problem is the difficult part, solving the mathe- Real World face Conditions
matic can be done by common tools. +
The applicability of formal hull shape optimisation has Design Constraints

been proven and remarkable gains have been achieved.
Fig. 1 shows the general scheme of an optimisation and its
components. The effort put into the set-up of the formu-
lation of the design problem as described above still pro-
duces costs one magnitude too high to be applied in a daily
design routine. In order to develop a methodology to prob- Figure 3. Sources for the real world important aspects
lem formulation in an acceptable period a joint project has

been undertaken between thechnical University Berlin

Carpe Diem Yacht DesigandFRIENI_DSHIP-SggtemAs the problem is the key issue when setting up a model.
a case study, the problem formulation of a 30imshore |, computer science, the model depicted in fig. 2 is well
racing yacht has been selected including all relevant CON-khown, it points out the actions which have to be taken

straints. Subsequently an optimisation has been carried out produce a program representing existing or future pro-
and the feed-back from the designer and a potential Cus-.gg5es and products.

tomer was used for further refinement of the formulation. ] .

This paper describes the entire course of the project, its First of all one ha_s to specify the r_eal world, more pre-
results and the lessons learned from it. It will demonstrate CiSely everything which seems to be important for the de-
that custom made CAD programs are a kind of personal- S9N and operation of thg yacht,.see fig. 3. Thg mform{:mon
ized spline for the designer who ordered it - he or she can collected for this task arises mainly from previous designs,

concentrate onvhat not onhowin order to make better ~Measurement rules, reports and specifications from sailors
designs in a shorter time. and owners, and — most important — from the designers

knowledge about typical design features.

Sailing Performance

The collection of data for the real world specification
generates some paperwork, which is similar to the con-
From the perspective of a software engineer — being usedventional design work, although the collector of data is
to turn information from articles, interviews or any other not the designer. First of all the measurement rules are
written or spoken word into an abstract set-up of objects, to be examined very thoroughly by the software engineer.
rules, relations and variables — gathering information is the Subsequently the co-operating designer has to put in all
most important part of the entire problem. Getting to know known aspects of the design. For most measurement re-

2 GATHERING INFORMATION



most modelling tasks in naval architecture. For B-spline
curves, the definition is given by:

m-1
Q) = _ZjviNik(t) 1)

whgrem is the number of verticek the order of the
Figure 4. Perspective view of a 3Gacht hull curve,V; are the vertices of the defining polygon aNg
are the base polynomials each representing the influence of
a vertex within a certain range of the curve. A detailed de-
scription can be found in [4]. A set of longitudinal B-spline
curves represent the properties of the hull shape, see fig. 5.
For instance the plan view of the deck can be specified
by its forward end at the bow, its coordinates of the maxi-
mum beam and at the transom. Within tHRIENDSHIP-
Modelera B-spline curve is then generated from that given
information which optimises the shape of the curve in re-
spect to optimum fairness, i.e., a numerical algorithm ar-
ranges the vertices in such a way that the specified proper-

. : . éies are met while the curve is kept as fair as possible. As a
stricted boat classes typical characteristics have develope . ) L
Mmeasure of fairness, the integral of the second derivatives

during the past: e.g. successful racing yachts have always . . T
been built as beamy as allowed, possibly as light or as of the B-spline curve can be easily applied:

heavy as limited by the rule; steps or knuckles right be- L g2 2

hind or ahead of measurement marks to reduce freeboard E,— / (L + ﬁ + d—)dt )

and weight, discontinuities for better rating values — these o d’  dit  d%

information have to be supplied by experienced designers.

This evolutionary optimisation which has already taken ~ The implementation of the program allows additional
place before the current challenge, might reduce the num-for properties which can be user specified within the para-

for further design work. ASCII file format — can be supplemented by numerous

optional parameters to further refine the shape. Since the
parameter file is runtime interpreted, the modified optimi-

sation problem is set up anew and the shape will consider
possible new constraints. The methodology has been de-

1. the original measurement formula including later scribed by of the authors in depth, see for example [5].
modifications,

Figure 5. Basic curves of a 3¢rgacht

For the project presented here, the initial data was
made available from

The longitudinal descriptor for the shape of the deck
. one very early linesplan, has been selected as one example. Other sectional prop-
erties are mandatory for the hull definition, some are op-
. two different 3D CAD-models of already built hulls,  tional. For conventional round bilge hull shapes it should
be sufficient to describe the plan view of the deck, the
sheer-line, flare at deck and deadrise along the centerplane
a potential producer of a small series of this type of Curve, which is also required. From this set of curves, see
yacht. fig. 5, sections can be created at any longitude. From a
set of sections, subsequently a hull surface can be gen-
erated by interpolation the sections. The uppermost curve

From the data collected, a first parametric model depicted in fig. 5 shows the sheer line, also the deck plan
was established and implemented similarily to what was . P 9: ' e P
view and the center plane curve can be identified.

demonstrated by the authors in earlier publications, see
[2, 3]. The parametric model was presented to the designer  The parametric description allows to fulfil a number
and the model was refined until a satisfying geometry had of design constraints which shall be called implicit con-

. the designer of the two previous designs and

g A W N

been achieved. straints. The modelling approach allows direct access to
form parameters like maximum beam, freeboard at differ-
3 PARAMETRIC MODEL ent positions, draft and convexity of selected plane sec-

tions. Also differential and integral parameters can be im-
The parametric modelling approach developed by the au-plemented as implicit constraints, e.g. curvature, lateral
thors consists of multiple nested optimisations of uni- area and volumetric properties. Naturally, not all con-
form B-spline curves. The intuitive properties of B-spline straints and measurement formulations can be realised im-
curves makes them the favorable type of representation fomplicitly within the geometric description. However, the



Table 1. Measurement constraints of the L-Boot

Implicit Constraints

- free variable Optl miser
domains
- properies directly ‘ ‘
fulfiled by the modeler ‘ w lower parameter | upper type
Constraints
Explicit Constraints : bound bound
- derived properties ‘ ‘ Lmax ..
optimiser . .
1.0t | displacement explicit
Figure 6. Classification of constraints 1.75m Bmax implicit
0.36m freeboard | 0.4m | implicit
more constraints can be fulfilled directly, the easier the en- Eﬂiﬁ 45 | implicit
tire problem formulation can be applied in an automated overhangom "
LA . L o verhane 0.6 explicit
optimisation. The handling of explicit constraints is de- Gota
i i i i overhan@iem [
scribed in the following section. overhang 0.6 explicit
Bw1 i~
0.9 v explicit

4 CONSTRAINTS

Several aspects have to be considered when implementing
constraints in an automated design procedure. A classifica-
tion of constraints is depicted in fig. 6. A distinction has to
be made between implicit and explicit constraints. Implicit
constraints can be set within the geometric generation pro-
cess and are not violated for any design alternative.

Examples for constraints which can be formulated im-
plicitly:

1. the feasible domain of design parameters of a para-Figure 7. Dominating constraints for the principal dimen-
metric description, e.g. draft or beam of the hull, sail sjons
area, luff length, displacement etc.

2. parameter ratios can be set up to fulfil single or sets of
constraints relative to each other, e.g. beam vs. length
ratio,

Ms denoting the measurement section, &d, V) the
3D representation of the hull surface. The intersection be-
tween the surfac€(u,v) and the sectioMs with x =

3. constant parameter values — the knowledge gatheredconst must be determined and the arc length of the in-
from previous designs result in parameters which are tersecting curve calculated.
kept constant, e.g. the freeboard at a specific location  As mentioned above, the question if a constraint is im-
is always as low as allowed by the rule, even though pjicit or explicit does not have a unique answer, it is a mat-
it would be within the rule to range from one value to ter of the formulation of the design description.

another. .
The measurement rule of the 38 in-Boot contains a

o _ ) ) ) number of design constraints which are listed in tab. 1.
Explicit constraints mainly consist of derived proper-

ties. The basic difference between implicit and explicit
constraints in the presented approach can be read as fo
lows: implicit constraints are fulfilled directly at the stage . . )

ratio of waterline length vs. total length can be done di-

of producing the geometry, explicit constraints have to be ) . o
investigated afterwards. E.g. the girth length at a specific rectly, if the waterline length and the ratio itself are turned

section must not be greater than a certain value. Since thd"t© free variables with a limited feasible domain for the

girth length in the presented approach results from sec-/atter one.

tional properties like beam at deck, tangents, draft and  However, additional constraints which dominate the
curvature constraints, the function of the girth length is a principal dimensions of the hull have not been mentioned
function of several design parameters. yet:

A box, measured 1000 mm1000 mmx 550 mm(L x
B x D) located with its upper side at minimum freeboard
elevation must fit inside the hull. In addition, a half cir-
cle lying in sectional plane, sized 700 mm in radius with

Some of the explicit constraints listed in the table can
[pe converted into implicit constraints, which has also been
done in the course of the implementation. Controlling the

l —
G(x=Ms) = /0 (G(u,v) "Ms)ds @3)



a30er.criteria created by FRIENDSH P, Tue Aug 13 11:15:26 2002

Desi gn condi tions:
Draf t Vol une
-0.31 1.19

Depl Center of Buuyan y ) WSF WPA ( Cent er
1186. 51 ( 3.281; 0. -0.098) 8.52 8.05 ( 3.345;

Measurement constraints and current val ues
Depl acenent 1186. 51 kg Depl acenent nust be greater than 1000 kg

Mai n part\cul ars:
|ma><9 0

a30er.criteria created by FRIENDSH P, Tue Aug 13 21:35:43 2002

Desi gn conditions:
Draf t Vol une

Center of Buoyan y ) WSF
-0.31 il iy 0. 000

Depl WPA ( Cent er
1169. 65 ( 3.517; -0.095) 8.67

8.21 ( 3.576;
Measurement constraints and current val ues
Depl acenent 1169. 65 kg Depl acenent nust be greater than 1000 kg

Mai n parllcul ars
|rTEl><9 0

1pp 6.

bnﬂxz 01 mM\xlnum Beam nust be greater than 1.75 m

bw 1.80 m

freehaardO 40 M ni mum freeboard nust be between 0.36 mand 0.4 m

bwi 2bmax 0. 90 Maxi num Beam vs. \terline Beam nust be greater than 0.9

| max2bmax 4. 50 Maxi num Length vs. Maxi num Beam nust be |ess than 4.5

| max2l wi 1. 41 Maxi num Length vs. Waterline Length nust be between 1.4 and 1.6
bow2t ot al 0.52 Bow Overhang nust not be nore than 0.6 of total overhang
stern2total 0.48 Stern Overhang nust not be nore than 0.6 of total overhang

1 pp 6.

bnﬂxz 01 mMaxerum Beam nust be greater than 1.75 m

bw 1.82 m

freeboardo 40 M ni mum freeboard nust be between 0.36 mand 0.4 m

bwi 2bmax 0. 91 Maxi num Beam vs. Wterline Beam nust be greater than 0 9

| max2bnax 4. 50 Maxi mum Lengt h vs. Maxi num Beam nust be |ess than 4.

| max2l wl 1. 50 Maxi num Length vs. Waterline Length nust be between 1. 4 and 1.6
bow2t ot al 0.54 Bow Overhang nust not be more than 0.6 of total overhang
stern2total 0.46 Stern Overhang nust not be nore than 0.6 of total overhang

concavity Othere are concave sectional shapes which are not desired concavity 1there are concave sectional shapes which are not desired

Cube:

firstX non violated2.75 m

lastX non viol ated 4. 58 m

unvi ol at edLengt hCube 1. 83 m nust be greater or equal than 1.0 m

unvi ol at edLengthCircl e 0.0 mnust be greater 0.0 mand located in the range of the cub

Cube:

firstX non violated2.59 m

lastX non viol ated 4. 45 m

unvi ol at edLengt hCube 1. 85 m nust be greater or equal than 1.0 m

Grcle

firstX non viol aledS 33 m

lastX non viol ated 3

unvi ol at edLengt hGi rcIeO 01 mnust be greater 0.0 mand located in the range of the cu

Constraint violations

bw vs. bmax nust be at least 0.9

No viol ations detected circle (700 nm + 14mmin dianeter) does not fit

Figure 8. Constraints and principal dimensions listed in Figure 9. Violated constraints in criteria file
criteria file

wave resistance due to displacement redistribution by the
its center at the same elevation as the minimum freeboardmagnitude of 10 % to 20 %. It was also felt that it would
must also lie inside the hull. The Iongitudinal pOSitiOﬂ of be favorable to keep the disp|acemen’[ as low as possib|e
the circle must be located within the range of the box, as to give good speed at light wind speeds and downwind.

depicted in fig. 7. First CFD-calculations gave a good impressions of the

From the previous designs it was rather obvious that magnitude and relation of wave and frictional resistance,
the inner box constraint would not be critical, but the circle which again confirmed the selected approach:
was the one which tended to be violated.

implement design characteristics for the expected
racing conditions

The handling of explicit constraints is a matter of the  *
optimisation algorithm, or alternatively of a pre-processor
checking each design generated by the set of design vari-
ables for validity. Within the approach selected by the au-
thors, the handling of explicit inequality constraints is part
of the optimisation algorithm. For each design a corre-
sponding file is generated which contains relevant data for
design assessment. Beside the values needed for constraint
control, hydrostatic data is provided and design violations
are listed in a separate paragraph which makes it also a
useful tool for manual design work. 6 DESIGN VARIABLES

* in this case minimize wetted surface

optimise for total resistance for the upper range of
speed

select free variables which enable the design to redis-
tribute displacement, (see next section).

To demonstrate the simplicity and obvious advan-
tage of the automated constraint control, two parameters
have been changed slightly to induce constraint violations.
Fig. 9 shows the resulting criteria file displaying the viola-
tions at its bottom.

The experience from previous hydrodynamic designs

based on non-linear potential flow assessment indicated
the use of certain design variables. In addition, the design
presented here did not only have to be fast, but also had to
fulfil some aesthetic aspects, which were important for the

sales manager of the yard, due to the typical characteristics
of the L-Boot. The first optimisations carried out without

For the initial shape one of the available previous designs _taking those_ characteristics into accour_1t, turned the bow
the better rated one — has been chosen and modelled par&f the yachtinto a modern type of hull with much reduced
metrically. Having the most probable racing conditions in deadrise in the forward part.

mind, slight modifications have been introduced to reduce = However, a challenge for the set up of the design for-
the wetted surface area as the low wind condition dom- mulation and the selection of design variables was related
inates the races. Since the constraints were easy to conto the dominating explicit constraints — i.e. the half circle
trol, it was no problem to find a hull, which fulfilled the - and the obvious tendency of the hull to get faster with
constraints and featured about 10 % less wetted surface, aeduced displacement. The requirement of the waterline
big advantage for the specified objectives. Having an ex-to maximum beam ratio, see tab. 1 also called for a non-
tremely short design waterline, the wave resistance was exstandard parameter, which was applied in the optimisa-
pected to be relatively high. From earlier optimisations it tion. Two additional parameters where employed to match
was known that by hull variations on the basis of the para- the requirements and enable optimum shapes for the de-
metric design methodology, it was rather easy to reducesired objective function. One parameter controls the initial

5 INITIAL DESIGN



speed of the vertical surface parameter, which corresponds
to the curvature of the hull starting at deck level point-
ing downwards. Even for very shallow section shapes one
can produce shapes with a beamy waterline. The second
parameter controls the sectional area which also supports
the hulls desire for reduced displacement. The parametric — opumized v =441 N oy
control of the sectional area curve facilitates a longitudi- \’
nal shift in displacement — a powerful dial with respect to =
wave resistance. Due to the large overhangs, typical of this -\“ |
type of yacht, the sectional area control was not restricted - e

to the still water submerged part, but was applied for the
full length of the hull.

Several optimisation runs have been performed with ——
varying sets of free variables and their range. The change
of design variables was not done due to missing effectSC/:
on the performance, but due to changes in the shape chal
acteristic, which the designer judged not acceptable bya- =
potential owner of the yacht. Beside the parameters above,
several very effective design parameter shall be mentionedFigure 10. Wave pattern comparison of intital (starboard)
here. The position of the maximum draft and beam, the und optimised (port) hull,Rwp denotes the wave resis-
transom beam, deadrise in the bow region and the radiugance obtained from wave pattern analysis.)
of the centerplane curve at its maximum draft position, the
latter having pronounced effect on the total displacement.

Each run was performed with about 10 free variables. )
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7 OPTIMISATION “\‘Y / / / //
N\ )
Upright total resistance was selected as the objective func- — I
tion applied for the hull optimisation. The light wind race \\Qi://?/
conditions gave an estimate of five to ten degrees and at - —y
maximum 20 degree of heel. The design assessment was \t?/

performed applyingSHIPFLOW the well known poten-

tial non-linear free surface CFD code, see [6, 7]. The hull
was allowed to trim and heave freely, which seemed to _, . . L .

be very important because of the immense bow and SternFlgure 11. Concave sections in the midship section range
overhangs. Earlier research has proven the reliability of the

relative results, thoroughly discussed in [8].

The extended set of explicit constraints lead to the
choice of the tangent search method, a classic search al-
gorithm being able to deal with inequality constraints, see

[9]. Based on a modified Hooke-Jeeves algorithm, a searcheyajuated bysHIPFLOW Altogether the optimization for

direction is obtained from a local deterministic search. thjs simple configuration took about 12 hours on a contem-
Constraint violations are recognized and the search direc-porary desktop computer.

tion is corrected in order to stay within the feasible do-

main. The algorithm searches along the tangent of the vi-
olated constraint, which reduces the number of function
evaluations significantly, compared to a simple determin-
istic search where constraint violations simply resultin in-

valid designs or penalties.

The calculation of wavemaking resistance by pressure
integration — as done ByHIPFLOW- is known to have a
strong dependency on panelization. Therefor a wave pat-
tern analysis by [10] was undertaken. It confirmed the
gains computed from pressure integration.

Fig. 10 shows a comparison of the inital and the opti-

Fig. 12 shows the lines plan of the base hull for the ini-
mized hull wave patterns.

tial optimization run and fig. 13 shows an intermediate re-
sult after 99 variations. While wavemaking resistance ac-  After the automated optimisation the parameter file
cording toSHIPFLOWand an approximation for the fric- was sent to the designer who did some more modifca-
tional resistance for the base configuration summed up totions especially above the waterline to improve the aes-
216.5 N for a speed of'8sthe optimization yielded an im-  thetic acceptance by the customer. Finally, the influence of
provement of 10 % (194.9 N) after generating 99 hulls of the manual modifications to the performance was checked
which 65 fulfilled the measurement constraints and were numerically and discussed with the designer.
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Presenting the best results of the optimisation, the hull [1] Stefan HarriesParametric design and hydrodynamic

showed better performance over the entire range of inter-
est than the previous designs. The potential owner, how-
ever, was still not satisfied with the shape from an aesthetic
point of view. The resulting shape encloses the circular arc
at just one single position. In addition the displacement is
reduced by the local reduction of the sectional area in that
region. The displacement reduction generates sections that
are concave in the region around the maximum draft of the
canoe body, see fig. 11. Negotiating that such a hull can
not be sold easily an additional constraint was introduced.
From a mathematical point of view the concave sectional
shapes can be detected calculating the curvature of the
frames. The convexity constraint is quite well known from
the IACC measurement rule and has been applied success-
fully in the subsequent optimisation, even though just as a
sectional criterion.

During the course of setting up the problem formula-
tion, reviewing results and more or less desirable shapes
with the designer and owner, a few new features were
added to the model. As a result of the iterative implemen-
tation a tailor-made modeler has been developed up, which
definitely fulfils all formal constraints of the measurement
formula, but not necessarily the desires of a sales manager
or a potential owner. As mentioned earlier in the paper, the
implemented modeler does not replace any specialist, but
provides a personalized modeling tool, in this case with
emphasis on speed and aesthetics, still leaving options for
pushing the speed.

9 CONCLUSION

The set-up of complex design problems fr yacht optimi-
sation has been shown to be successful. It requires spe-
cial knowledge on design parameters from a mathematical
point of view.

The set-up of the design formulation took about two
man months, which is far too expensive for a private, stan-
dard sailing yacht design. If this methodology shall be ap-

plicable for daily design work, either draw backs in the de- 10]

tail have to be acceptable, the number of iterations have to
be limited or the procedure to formulate the design prob-
lem have to be standardised, which took most of the time
for this optimisation work. The communication between
all partners involved has to be performed on the basis of
standard procedures which have to be further developed.
For high performance yacht design, e.g. for prestigious
races, the set-up of the problem formulation can be re-
alised in a couple of person months.
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