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Abstract

The design of marine systems is often dominated by a
considerable number of constraints which are related to
the many competing aspects pertinent to the product’s
life cycle. The work presented here originates from au-
tomated optimization in which constraints are handled in
a formal and unified manner. An analogous approach is
proposed for systematic design space exploration on the
basis of parametric design principles. This allows com-
prehensive investigations in which constraint monitoring
and assessment bring about valuable insight. The con-

In view of the many constraints, are there any feasi-
ble designs at all?

The existence of feasible designs presumed, how
close are favorable designs to one or several con-
straints?

Which constraints are dominant and which might
have no tangible influence (and can thus be dis-
carded)?

Which free variables are important and which are

insignificant with respect to both the objectives and

straint management is illustrated on the basis of a rep- .
the constraints?

resentative hull design project.

If those questions can be answered the number of itera-
tions caused by constraint violations will decrease while
the quality of the design will increase.
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CAD; Constraint; Geometric modeling; Hull design; Op-
timization; Ship design. This paper therefore attempts to address important is-
sues of constraint management. Firstly, a theoretical view
on the ideas and concepts is presented so as to intro-

duce instruments of constraint assessment. Secondly, a

Designing an object of high complexity implies that quite practical application is given to illustrate the feasibil-
a few constraints need to be satisfied while several opty and the merits of the approach. The example con-
posing objectives ought to be maximized (or minimized).Sidered was realized withiRRIENDSHIP-Systerhsp-
This makes design a creative and interesting undertaimization framework applying the fully parametric CAD
ing but also a challenge if many constraints are imposed00! FRIENDSHIP-Modeler

Both constraints and objectives usually are of multi-

Qisciplinary character a_md may stgm from hqudynamtonstraint classification

ics, structures, production, operation, economics etc.

Introduction

Design constraints are typically controlled by the person'zormaI optimization

being responsible for a certain task. Many constraints retn an optimization a good (or the best) solution is de-
sult from previous or subsequent tasks carried out by diftermined from a set of alternative and feasible solutions.
ferent team members or departments. Feed-back is giverhe best solutions — i.e., the Pareto optima — are selected
only if one or more constraints are violated. The cure tan terms of the free variables on the basis of problem-
constraint violation is manifold: Ideally, the constraint in oriented criteria. The standard format of mathematical
question can be slightly relaxed. More typically, however,programming is as follows, see Birk and Harries (2003):
a compromise needs to be negotiated which means that a

loss of performance has to be accepted or a nested changgee variables: They are the independent decision vari-
of many design aspects has to be brought about. In order  aples which uniquely describe the problex =

to make a rational and well-founded decision comprehen- — (x; x, ... x ... x,).

sive knowledge about the design space, the objectives and

the constraints as well as their dependencies on the desigbbjectives: They are the criteria by which a solution is
variables is mandatory. Questions that are usually asked assessed. A criterion is a function of the free vari-
are: ablesF (X).



Constraints: They reduce the possible combinations of
the free variables to the set of feasible combinations
Several types are distinguished:

* Bounds Xjmin <X < Ximax fori=1,...,n.
« Equality constraints hj(X) =0 for j =

1,...,m.
» Inequality constraints g¢(X) <0 for k =
1,....p.

This formal treatment of free variables, objectives anc
constraints has the key advantage that similar strategie -
can be utilized for many optimization problems indepen-Figure 1: Feasible hull shape with regard to propeller
dent of their nature. Consequently, it is advantageous tolearance

employ this unified view also for constraint management
(even though no automated optimization might actually
be intended).

Constraints in geometric modeling

There are many different types of design constraint:
which relate to all possible aspects of a product. Many
constraints are of geometric nature or can be ascribe
to geometric properties. The authors’ background being
hydrodynamic design of ship hull forms, representative
constraints shall be discussed in the context of geometri
modeling.

Three types of geometric constraints can be distin
guished:

« Differential, Figure 2: Infeasible hull shape due to violation of con-
« Positional, tainer hard points
* Integral.

As becomes evident from the examples above many con-

Typical positional constraints are maximum dimensionsstraints are of inequality type and can generally be written

(e.g. breadth must be no greater than ...), collision conin the form

trol (e.g. the hull must remain outside a virtual volume to

guarantee minimum propeller clearance) and hard points  Cy(X) < Cirax + Tk (1)

(e.g. the engine foundation or a container must obviously

not penetrate the hull and its inner structure). An exampler

for collision control is shown in Fig. 1 while a hard point

constraint can be seen in Fig. 2. A detailed example may  C(X) > Ciin — Tk (2)

be found for instance in Hochkirch et al. (2002).

Examples for integral constraints are volume (e.g. the disand, hence, converted into the standard format
placement volume is between ..., the tank volume equals

to ...) and centroids (e.g. the longitudinal center of buoy-  Gk(X) := Ci(X) — Cipyay < Tk 3)
ancy shall shift no more than ...) which constitute direct

geometric constraints. Indirect integral constraints ofterand

originate from hydrostatic considerations (e.g. minimum

metacentric height as determined via the geometry of the  gk(X) := Ciin —CG(X) <1, 4)
design waterline).

Differential constraints are faimness (e.g. no hollownesd€SPECtively. Herety is a user-specified tolerance. It

must be present in a certain hull region) and producibility2du@ls O under strict circumstances but may assume a

(e.g. plates should be developable to a given extend) etémall positive value if a constraint violation could be ac-

As opposed to positional constraints which usually areceptable to investigate the region just outside the feasible
straight forward to evaluate, differential constraints calldomain-

for more computational effort and, possibly, even requirdn geometric modeling equality constraints are of less im-

some additional simulations. portance since they often serve to reduce the number of



free variables, see for instance Abt et al. (2001) for more "¢,
details. Therefore, priority is given here to the manage
ment of inequality constraints.

091
08 .
Constraint management 071

Constraint management comprises 06

x2

0,5 -

handling (set up),
- analysis, .
* monitoring, "

* assessment. 027

0,14

The handling and analysis of constraints is realized insid
the Computer Aided Design tool or outside — the latter o
for instance if an elaborate simulation needs to be per
formed such as a Finite Element Method analysis (FEM
or a Computational Fluid Dynamics run (CFD). In order
to monitor and assess a set of constraints it is necessa
to decide on a set of free variables which might even-

tually influence the design — similar to what is done in an
automated optimization. A parametric approach to geo
metric modeling should be followed so as to reduce the
design’s complexity on the basis of a problem-depender

LY}

high-level definition, see Birk and Harries (2003). *
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Monitoring and assessment

Trying to circumvent a potential bias, a (quasi-)random
sequence of variants should be generated which can t
achieved by applying a Sobol algorithm, see Press et a
(1988). Fig. 3 illustrates the distribution of a Sobol se- | . i
quence with 5000 variants. The actual design problen ¢ 7 o0 o or 05 o8 or o8 o8 1
comprised 14 free variables. A plotR* being impossi- xt

ble, projections onto the;“X,-plane and the;=Xs3-plane  Figure 3: Sobol sequence

have been selectes;, X, andx3 being normalized free

variables

% = Xi — Xmin . (5) @ constraint dominated problem is given by.@ < 0.1.
Xmax— Xmin (This is a subjective appreciation which may shift accord-

Any other combination of free variables would result in ing to the problem field )

similar figures. If the domain index is rather small — i.e., just a few de-

. . . igns are valid — it is useful to contemplate the relaxation
The Sobol sequence constitutes a design of experlmen?)?g P

_(DoE) and brings about _the statistical basis for monitor- desgevg:iesse\\//(\jirtal ;RS?il:gltlitr{gc\?glitégt.s. ;’:;Ciomz;n n-
ing and assessment. (It is also regularly performed earl Il constraints, see Fig. 6 and furthehrmndiscussiMo‘?l below
in an automated optimization for exploration purposes ST ) ) e
see Abt et al. (2003). The key difference is that com u_’l’he variation ofd with respect to changes in the specified
) . iy I y b limiting values therefore provides information on which
tational intensive objectives need not be computed at this . - : .
stage.) Constraints are beneficial to relax so as to gain an in-
-g ' _ _ _creased number of feasible designs. Since minor changes
Afirst assessment of the complexity of the design domairare more likely to be acceptable high partial derivatives

is to compute the ratio between the number of feasiblelose to the original limits are advantageous because even

designsN¢ and the overall number of desighs a small constraint relaxation will then already help.
Ny When assessing specific constraints it is rather straight
di= N (6)  forward to distinguish activeg(X) > 0) and inactive

(9k(X) < 0) constraints. However, it is less obvious (and
An unconstrained problem is then characterized byl  much more interesting) to judge the extend by which a
while a fully active problem showsd = 0. A weakly con-  constraint is violated or how much leeway there still is in
strained problem may be found if®< d < 1.0 while  the design. A utilization index shall therefore be proposed
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Figure 4: Constraint utilization index
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Figure 5: Frequency distribution and utilization index

as depicted in Fig. 5.

Fig. 4 shows the utilization functionyg %k?) . Impor-

tant properties are that it is strictly monotonic and thatconstraints were of positional and integral type. Differen-
uk(0) = 100% for%k?) =0 (i.e., where a design lies on tial constraints on fairness were accommodated implicitly
the inequality constraint itself). Moreoves(—) = 0% by means of an inner geometric optimization as realized
for designs which lie far away from the constraint while With the FRIENDSHIP-Modelgrsee Harries (1998).

U(e0) = 200% for designs which heavily violate the con- The first set of inequality constraints was so confining
straint. Finally, the slope afequals 1 a@ =0which that just a few feasible designs were present in a Sobol
yields an almost linear dependency in the vicinity of theinvestigation of 5000 variants, the domain index as in-
constraint just becoming active. troduced above beind = 2%. Those initial candidates,
however, were considered unfavorable with respect to hy-
drodynamic performance (which in the end had to be op-
imized). For instance, it turned out th@Mvy was much
higher than desired. An increase in the number of fea-
sible designs could only be achieved by relaxing some

. distrib g g constraints.
A frequency distribution as depicted in Fig. 5 suggests . ) L . -
that the constraingy is non-critical for the majority of In order to identify constraint limits which are beneficial

variants. (Of course, it needs to be kept in mind that ar]ilg mgdi;:y (i;pfermissil?le) thefdomairln ind?is StUdi?d'
optimization performed at a later point in time could still 9. © show orlavanauon oftwo selected constraints —
lead into a region in whichy becomes active.) Each vari- one on the ferry’s draft and another on its freeboard. For

: : ) =Y 0
ant can now be assessed in terms of its utilization index€ actual values @aratiy,, aNACtreeboardsa A0OUL 50%

In addition, the utilization index at the mean(c%) and Of the designs were feasible. Increastigeenoard,s, féa-
k tures a strong dependencyafvhich means that a small

at other prominent values such a@(oﬂk + 1) give an relaxation of the limiting value already yields a substan-
idea of the constraint's severity. (The utilization index tial rise in the number of feasible hull forms. Meanwhile,
might also be serviceable to get an idea about a desigr#ight changes iCqrart,, do not bring about any tangi-
robustness. If two designs perform equally well, the onéle freedom, the slope being almost horizontal. Conse-

with smaller utilization index may be the better.) quently, it appears to be more profitable to consider the
relaxation of the freeboard constraint if need be.

Fig. 5 shows the frequency distributidp of a Sobol se-
guence with respect to the k-th constrajqtoy is used to
normalize all terms so as to standardize the frequency di
tribution and to achieve independence of the actual co
straint valuesp, denotes the mean.

In addition, it can be observed in Fig. 6 that both curves

assume horizontal branches on either side. When tight-
The constraint management as theoretically discusseghing the limiting values the number of feasible designs

above shall now be illustrated on the basis of a practicahaturally drops to zero. When relaxing a constraint, how-

example taken from a contemporary ferry design projectever, one or several other constraints become active at
A total of 13 inequality constraints were considered. Thesome point.

Illustrating example
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Figure 6: Domain index for two constraints

A further assessment of the two example constraints oable did not yield any feasible designs at all it could as
draft and freeboard is undertaken on the basis of their frenell be discarded so as to subsequently reduce the search
quency distributions, see Fig. 7 and Fig. 8. It can be seedomain.

that the bulk of the designs is rather close to the freeboargy 17 4nq Fig. 12 represent similar plots for another free
constraint and that quite a few designs are already '”fefb'ariable, i.e.x3, xs being the parallel extent of a chine

S'bl_e Just becal_Jse O_f th|s_ constraint. On the contrary, theyqe 1 the design waterline. Again trends are noticeable
majority of designs is quite far away from the draft €O \which assist the design team in the constraint manage-
straint and only a small set encounters this constraint aS%ent

active. A brief way to describe this is to consider the uti-

lization index for the mean values; (”"”"“) =5% .
araft \ Gorart Conclusion

andufreeboard(quboard> = 47%.

O freeboard

Tangible improvement of the design process can be re-
Any single design can now be judged by consideringalized if as many constraints as possible are managed di-
its utilization index in comparison to the mean values.rectly by the designer. This includes simultaneous screen-
A feasible design withutreepoarg = 99% would be one ing of constraints, systematic assessment of interdepen-
that lies very close to the freeboard constraint and condencies and support for decision taking. The theoretical

siderably higher than the mean of 47%. A design withbackground of constraint management stems from formal

Ufreeboard= 101%, meanwhile, would be just about infea- optimization. Several assessment instruments are pro-
sible. Such a quantification would not be possible withoutposed such as indices, frequency distributions and scatter
normalization. plots.

Finally, the relationship between constraints and freeA hydrodynamic design example was used to illustrate
variables ought to be looked at. Fig. 9 and Fig. 10 disthe constraint management approach taken within the
play scatter diagrams of the normalized constraints o€onsultancy work of the authors. A Sobol search strat-
draft and freeboard vs. the normalized free variallles ~ egy was employed in which many thousand variants
x1 being the ferry’s depth. (It should be noted that the or-had been automatically generated and evaluated even
dinates of Fig. 9 and Fig. 10 were the abscissas of Fig. Before time consuming further analyses were launched.
and Fig. 8, respectively.) Of course, all feasible design§he FRIENDSHIP-Modelerserved to generate the hull

lie below the Iine%7> = 0. Moreover, the general trend forms and a very comprehensive picture could be drawn
is that for higher{ the designs’ mean get closer to the about the design task at hand. Focus was given on the
constraints. Moreover, for smatj heither the draft nor management of geometric constraints. Nevertheless, non-
the freeboard constraint is crucial. In Fig. 10 it is foundgeometric constraints can be treated equivalently.

that the frontier of the feasible designs bend away fromryture work will focus on the further analysis
the Iine%?) = 0 for smallXy. In this region one or sev- and systematic interpretation of the feasible domain
eral other constraints are active. If a region of a free variand the multitude of data generated when under-
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Figure 7: Frequency distribution of draft constraint
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Figure 8: Frequency distribution of freeboard constraint
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