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Designing mechanical systems involves achieving simultaneous, though sometimes
competing, objectives. The systems must perform their function while conforming to
structural, economic and production constraints. The present design framework con-
sists of establishing the structural system and composite subsystems, which opti-
mally satisfy the topology, shape, loading and performance constraints while simul-
taneously considering the manufacturing or fabrication processes in a cost-effective
manner. In this paper a generic design methodology is described. The performance
of the system, the manufacturing process of the system and the associated life-cycle
costs are considered in an integrated fashion. The proposed framework uses a
computerized virtual environment in which CAD product models, physics-based mod-
els, production process models and cost models are used simultaneously by a de-
signer or a design team. Three separate ship design environments are used to
illustrate components of the design framework. The first is the ISSMID-T, an inte-
grated process/product mode! for midship section and cargo hold design for tankers.
The second is the LBR-5 computer package that performs optimum midship scant-
lings (plating, longitudinal members and frames) at preliminary design. The third is a
computer-based design environment in which immersive virtual reality is used to
assess the design and production of portions of a cargo vessel.

Introduction Compared to the traditional design procedure, concurrent design
methodology allows further reduction of the “global time” (i.e.,

SHiP DESIGN methodology is a very broad subject, and it is not design time and construction time). Traditional methodologies do

the purpose here to review the varied aspects of ship design.
Comprehensive lists can be found in the Committee IV ISSC
reports (Catley et al 1997, Pradillon et al 2000). Rather, this paper
describes an attempt to establish a framework or model which
accommodates simultaneously several specific aspects of the de-
sign. Attention is focused on encompassing environmental, prod-
uct, process, and cost models in what we call a generic framework
for simulation-based design of ship structures.

The newly developed generic framework is in close relation
with discipline integration in advanced design trends and the so-
called “concurrent engineering” approaches (Bennett & Lamb
1996, Elvekrok 1997, Keane & Tibbits 1996, Parsons et al 1999).
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not usually integrate at the earliest product design phase the pro-
duction (process model) and the costs as design constraints in a
formal manner. The lack of such data often induces higher pro-
duction costs and, all too often, production delays as the designs
may have poor compatibility with actual production characteris-
tics (standardization, experience, worker skills, available facilities
and manpower, etc.).

The present methodology seeks to integrate in the structural
design process all of the dominant production and operational
parameters. These parameters can be defined as model parameters
or as design variables (dynamic variables) in order to optimize the
product mode] (ship parts) and/or the process model (production
parameters). Product and process models can be optimized sepa-
rately or within the same loop. All these alternatives are shown to
fit within the present framework, starting from the most traditional
structural analysis approach, for example, assuming the hull girder
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behaves like a beam model, to the most advanced simulation mod-
els including 3-D nonlinear structural analysis, fluid-structure in-
teraction, CFD analysis (ship stability, seakeeping, etc.), topolog-
ical and shape optimization, and advanced limit states (fracture
mechanics, ultimate strength, etc.) of reliability-based design.

General framework

In this generic design methodology or framework, the perfor-
mance of the system, the manufacturing process of the system and
the associated life-cycle costs are considered in an integrated fash-
ion. The framework is referred to as global, in the sense that one
establishes the design objectives and variables in a complete and
comprehensive fashion. The framework is also scalable; the
method remains self-similar whether used by a manufacturer
whose global consideration is the production and sale of a com-
ponent or a ship designer whose global consideration is vessel of
specified cargo, tonnage, and speed.

The framework is used within a computerized virtual environ-
ment in which CAD product models, physics-based models, pro-
duction process models and cost models are used simultaneously
by a designer or design team. The performance of the product or
process is in general judged by some time independent parameter,

which is referred to as a response metric (R). Specifications for the
system must be established in terms of these Response Metrics.
The formulation of the design problem is thus the same whether
the product or process systems (or both) are considered. Three
existing computer applications are used to illustrate components
of the generic design framework. They are:

(1) The “LBR-5” optimization module for stiffened structures
which is preliminary design oriented (Rigo 2001).

(2) The “ISSMID-T” integrated process/product model for the
design of midship hull of tankers (Na et al 1994).

(3) The use of virtual reality simulations to study the motion of
a high-speed containership and to assess the design and
production of a cargo vessel’s double bottom section (Beier
2000).

The general framework as shown in Fig. 1 consists of a system
definition module, a simulation module and a design module.

The system definition module [Y(U,V,W)] is used to build an
environmental model [U], a product model [V] and a process
model [W]. The system definition module receives operational
requirements [Z] such as owner’s requirements. These operational
parameters are presumed fixed throughout the design. They, of
course, can eventually be changed if no acceptable design is es-
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tablished, but presumably any design would have operational pa-
rameters which would not be sacrificed.

The environmental model [U] includes the still water and wave
loading conditions and the product model [V] contains the pro-
duction information, for example. The process model [W] is built
to consider or define the fabrication sequence.

A translator (simulation-based design translator) assigns some
[Y] model parameters to the simulation parameters [T] and design
variables [X]. These parameters are selected based on the avail-
able simulation tools [S] that require specific data ([T],[X] and
time).

The simulation module [S(T,X,time)] is used to produce simu-
lation responses such as “Response Metrics” [R[S(T,X)]]. The
time is needed to consider the dynamic effects and actual dynamic

" load conditions [U].

The optimum design module includes the Design Criteria, the
Design Assessment and the Optimization components. The design
criteria provide constraints [G(T,X,Y,Z)] and objective functions
[F(R,T,X,Y,Z)]. These are used to assess the design through the
Design Assessment component of the module (for example,
R < G). The constraints are obtained by considering not only the
simulation parameters [T].and the design variables [X] but also the
operational requirements [Z] and the system definition parameter
[Y]. Also, the objective function is calculated using the response
metrics [R], the operational requirements [Z], the system defini-
tion parameter [Y], as well as the design variables [X] and simu-
lation parameters [T].

Based on the results of the Design Assessment (F and R < G)
several strategies for the design procedure (iterations) can be fol-
lowed.

(a) If the object function does not reach its minimum value or
the response metrics do not satisfy the constraints, an opti-
mization algorithm (steepest descent, dual approach and
convex linearization, evolutionary strategies, etc.) is
adopted to find a new set of design variables.

+ If the optimizer fails to find an improved solution (unfea-
sible design space), it is required to change the simulation
parameter values [T] and/or design variables selection [X] or
even to modify the Model Parameters [Y].

« Otherwise, the design space is feasible, and a change of
design variable values [X] is performed based on the optimizer
solution (in other words, a new iteration).

(b) If the object function reaches its minimum value and the
response metrics satisfy the constraints, two alternatives are
examined:

« change the operational requirements parameters [Z] to
compare with other alternative designs, or
+ end the design procedure.

Integration of existing design tools

This section explains how the three design environments fit
with the new generic framework.

ISSMID-T model

ISSMID-T is an interactive structural design system for the
optimum design of the midship part of double-hull oil tankers.
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ISSMID-T consists of a system definition module [Y], a simula-
tion module [S] and an optimization module [O]. The operational
requirements [Z] such as deadweight, ship speed and classification
are entered into the system definition module, along with initial
design data such as principal particulars and general arrangement.
The system is depicted schematically in Fig. 2. Note that the
methodology is of the form depicted in the general framework of
Fig. 1.

The system definition module [Y] is built by making an envi-
ronment model [U], a product model [V] and a process model [W].
The environment model [U] determines the loading conditions and
the maximum wave and still water bending moments from clas-
sification rules such as DNV and Lloyds. The product model [V]
is made by determining the number of panels, longitudinals and
web frames, the dimensions of panels, longitudinals and web
frames, longitudinal type and material properties. The process
model [W] is made by determining the number of blocks, fabri-
cation sequence, welding method and block length.

The simulation module {S] is built by making a structural analy-
sis model, a fabrication model, a weight estimation model and a
cost estimation model. Parameters [T] and design variables [X] are
chosen from the environment, product and process model. The
parameters of the product model [Tp4) are the number of panels,
material properties, classification, longitudinal type and dimen-
sions of flanges. The parameters of the process model [T} are
erection block length, number of blocks, welding method, welding
pose, fabrication stage, and assembly order. The design variables
[X] are the thickness and height of each panel, longitudinal spaces
and web frame space. The scantlings of longitudinal members are
determined by applying classification rules such as DNV, Lloyds
and ABS. The scantlings of transverse and transverse bulkhead
members are determined by the generalized slope deflection
method, which considers axial deformation from the existing slope
deflection method (Na et al 1994).

The optimization module [O] is built by calculating constraints
[G], object functions [F] and penalty functions [P]. The constraints
[G] are rule requirements for the longitudinal members and al-

lowable stresses for the transverse and transverse bulkhead mem-

bers.

The object functions are structural weight (F,) and fabrication
cost (F,). The structural weight (F,) is obtained by summation of
the cargo hold, fore and after body weights. The cargo hold weight
is obtained by summation of the weight of the longitudinal, trans-
verse and transverse bulkhead members. The fore and after body
weights are obtained by the estimation formula. The fabrication
cost (F,) is obtained by estimating a relative structural fabrication
cost (Winkle & Baird 1986, Bong 1990) using “Standard Fabri-
cation Man-Hour Tables.” The relative fabrication cost is obtained
by multiplying this man-hour by the unit labor cost. To estimate
the relative fabrication cost considering fabrication sequence, ship
structures are divided into several blocks, and each block is di-
vided into several pre-erection blocks, assemblies, medium-~
assemblies, components and fabrications.

The penalty functions (P,, P,) are produced when the design
variables violate the constraints.

The evolutionary strategies (ES) method is adopted as a mulli-
objective function method (Shin 2000). The optimization algo-
rithm is as follows:
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Table 1 Standard fabrication man-hour table (butt welding)

Unit: m-h/m
Welding Stage Pose | Jointing Welding
Technique Plate thickness (mm) 12 14 16 18 20 22 24
F 0.30 2.87 3.58 4.38 5.26 6.23 7.29 8.44
Assembly \ 0.66 3.56 4.43 5.39 6.45 7.61 8.87 10.23
H 0.72 3.38 4.19 5.11 6.11 7.21 8.41 9.71
Manual O 0.75 3.82 4.70 5.69 6.78 7.96 - 9.24 10.62
F 1.57 3.61 4.51 5.51 6.62 7.83 9.14 10.55
Erection \ 2.27 4.48 5.56 6.77 8.11 9.56 11.12 12.79
H 2.21 4.24 5.27 6.42 7.68 9.06 10.56 12.18
(o] 2.72 4.80 591 7.16 8.52 10.0 11.60 13.32
F 0.30 1.85 211 2.39 2.70 3.04 3.41 3.81
B co2 Assembly v 0.66 291 3.37 3.88 442 5.02 5.68 6.40
H 0.72 2.83 3.27 3.76 4.29 4.87 5.50 6.18
U F 0.83 2.33 2.65 3.01 340 3.82 4.27 4,75
Erection \ 1.05 3.66 4.24 4.87 5.56 6.31 7.12 7.99
T - H 1.15 3.56 4.12 4.73 5.40 6.12 6.89 7.71
FAB Assembly F 0.30 1.00 1.10 1.19 1.30 1.43 1.58 1.75
T Erection - - F 0.83 1.25 1.37 1.50 1.64 1.79 1.95 2,12
A| FCB Assembly F 0.30 0.85 0.91 0.98 1.05 1.13 1.21 1.29
UI'ST1 | Assembly F 0.30 0.21 - - - - - .
Tl A[Y] Assembly F 0.30 0.22 0.27 0.33 0.41 0.50 0.60 0.71
Ol WIXT ~Assembly F . 0.30 - - - 0.33 0.40 0.48 0.57
M Plate Thickness (mm) 12 14 16 18 20 22 24
Al sG2 P.E. \ 0.66 1.63 1.84 2.07 2.09 2.31 2.55 2.81
? Erection \4 1.05 2.28 2.57 2.89 2.92 3.23 3.56 3.92
c . Plate Thickness (mm) 22 24 26 28 30 32 34
SES P.E. v 0.66 6.02 6.24 6.45 6.67 6.88 7.39 7.62
Erection \ 1.05 10.82 11.20 11.59 11.97 12.35 13.27 13.69
Table 2 Standard fabrication man-hour table (filiet welding)
Unit: m-h/m
Welding Stage Pose | Jointing Welding
Technique Throat Thickness (mm) 3.5 4.0 4.5 5.0 5.5 6.0
Assembly Flat (F) 0.24 0.12 0.15 0.19 0.23 0.27 0.33
CcO2 Vertical (V) 0.27 0.25 0.31 0.38 0.46 0.54 0.62
Erection F 0.51 0.15 0.19 0.24 0.29 0.34 0.41
F N4 0.62 0.31 0.39 0.48 0.57 0.67 0.78
1 F 0.24 0.40 0.51 0.63 0.71 0.76 0.82
L Assembly v ({Up) 0.27 0.74 0.92 1.13 1.19 1.35 1.38
L V (Down) 0.27 0.25 031 0.38 0.50 0.59 0.69
E | Manual Overhead (0) 0.57 0.68 0.80 0.86 0.96 1.14 1.33
T F 0.51 0.51 0.64 0.79 0.89 0.95 1.03 .
Erection V (Up) 0.62 0.93 1.16 1.42 1.49 1.70 1.74
V (Down) 0.62 0.32 0.39 0.48 0.63 . 0.74 0.87
Overhead (O) 0.95 0.86 1.00 1.08 1.21 1.43 1.67

Generate parent points and standard deviations (o) ran-
domly throughout the design space, and make discrete de-
sign variables.

Calculate the object functions, constraints and penalty func-
tions, and select the best points that satisfy the constraints.
From these best points, generate a new set of points accord-
ing to selected standard deviations using a Gaussian ran-
dom number generator, and make discrete design variables.
Calculate contraints, objective and penalty functions, and
choose the points that are in the Pareto optimal set. This set
contains the points for which it is impossible to decrease the
value of a certain objective function without increasing that
of other objective functions. These points become the best
points for next generation.

Check convergence conditions. The convergence condi-
tions are that the number of points within the Pareto optimal
set be greater than the maximum Pareto number, or the
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number of generation be greater than the maximum gen-
eration number.

Repeat 3-5 until these points satisfy the convergence con-
ditions. If the convergence conditions are not satisfied and
the design space is feasible, change the design variables
according to the algorithm. If the convergence conditions
are not satisfied and the design space is not feasible or if a
redesign is needed, the parameters, product model and/or
the process model are manually changed. If the conver-
gence conditions are satisfied and a redesign is not needed,
the program is stopped.

LBR-5 model

LBR-5 is optimization software to facilitate the preliminary
design of stiffened marine and naval structures (Rigo 1992,2001).
LBR-5 is the French acronym for Logiciel des Bordages Raidis

JOURNAL OF SHiP PRODUCTION 37




(z Ued) Mlomewey G-Hg (9)e "Big

»

{Pn[eA wnwimw jeqo(d si1 sayoeas (s)uonoun, 2An3aiqQ (7)

[OIs¥l @

(4D NIA @

{paysnes syutexnsuo) (1)

LNANSSISSY NOISHA

[opOW UOTIBWINSD 1507 -
‘{opows uonewnsa ySop -

S-yg7 4 PO LSOD,, 241 01 Suipuodsanio)
[xerde] pue [(7' X X' L°9)q] suoyaung aanaafqQ

‘siuswalnbal uoneoyIsse]y  :-
10108} fiajes enged -
‘juawooe|dsip pue ssans s[qemOly -

[(Z XX 1)D] emayir) soueydaddy juressuo))

(swawannbar suoyeoyisse]) 018 ‘ssaiepus]s ‘ones wadsy -
“JopIID [INH Jo WiSuang ewiny -
‘q18uans sjewnn faued pausyng -

‘Buiponq ey -
‘sjuswasedsip ¢
‘(BUIPI3IA) 535591 SASIA-UOA &
‘suoisuedxy sauag 1a1noy Suisn sajerd pausying jo
suonenby [enuatayiq Suiajos pioy auy jo sisjeue ssans ac -
*SIUTRIISUOD Sy Ul asuodsay] oy JO JUSUISSASS

(sjuensuod opis) peseq ASojouyos], o
(surensuos [eImonns) paseq [euoney o
(siurensuod omawoag) paseq sapny o

(O¢'1)81 "SNOLLYINILS) siopows sisAfeup [pmonng -

ST TTNAOW INIVILSNOD,, 31 01 wsw:amwmte.u_. &
[X‘T)S] ‘SNOILVINIIS .

sajyBLIBA
uSisap
ap jo

SHTVA
MmaN

v doo]

(1 ued) yomewey g-ug1 (e)g *Big

A

“Sawielj ssiaAsues)

T usamiaq Suioeds (g)
‘wipim a3ueyj (g)

‘ssauyoly) pue Siay qam (£ ‘)

i(saweyf) slsquiaw 3519ASURY JO] -

s[ewipn)i8uoy

7 usamiaq Bumoeds (g)
‘tiptas a3uey ()

‘ssawjaryi pue wBiay gam (g °7)

s1aquiaut jeuipnjiduoj o -
(1) ssowpory ajeyg -

Q
o]
[}

sa[qeLiea ugissp
{ea18ojodo; ate (g)
pue (5) ety 210N
o
o
o

sajqeLIeA
uisap
J|qejieae g .

[1} woy pajosyas [x] STTAVINVA NDISIA

“* *Rianonpoid ‘sisoo Buumoegnuew ‘enbruyos; Suipjapy - ssa01d(y)
"+ Y(sawel)) adeys joxoelg ‘adA} jeurpnyiBuo (o0 www..nm%>
uonedyisse]) siopey Agjes [eted ‘(o) “oeied [eusEpy - .Nwlzﬂ.:lumnﬂ
(*-‘wonog ajqnop jo 1ySiay) juswaSueLe jessusd uo paseg ay \06 CNE
(§18uo] pjoy = sjaued jo yiSuaj &) sonposd W .6%.: e
(sjoued jo yipim &) :sjaued sy; Jo suoisusun(y - Do

[A] woy papsyes (L] SYALTNV AV NOLLVIIALS

REIENTEN

21 3

“(30M 3un/y-w) speoj dytom Ktenury

"JORIEYD [BLISJEIA 20§ UOHEDHISSE]) -
‘SSaUDIY} Bjed

‘(y-uys3) 51502 J0qe] Ateny, . .
(uyg .w“\mv Mmou _n:uﬁc.w bm._:m () | ‘sewey ‘sieuipnyBuoy jo suoisueung -
. “adfy uo_m. = ‘sad£y eurpnyi8uoy
«sanb 3 pue (39)oe1q) sadeys swesy -
sonbiuyod) supPRg. ~ “(joued yoes uo) sawely [apow
‘(+) 9ouanbas uonesuqey -~ gom pue sjeutpnyiSuo} jo ssquing - ss2001d so/pue
§00[q Jo saquiny  ~ ‘sjotied Jo suolsuduUIIp pue Jaqunp - _uvo%
1anpory aSueyy
[(Z)M] 19PoN ssa001g [(Z)A] 19po 1onpoig <

(@M @A @Al THA0N SSHO0Ud » 1ONAOYd

Justwow Suipuaq J3jem [[1IS pUE 2ABM ‘speoT]

(2] “THGOW INTNNOUIANT

‘sjuotedueiry
MON

rfAuiquis/swnjop uswaguene [RIsUD ¢ gD " 1'giddy

JOURNAL OF SHIP PRODUCTION

FEBRUARY 2002

38




¢

Conditions are
satisfied

__Y_ES__l

R,G,F
IR/AX, aF/BXl_'NL

OPTIMIZER
Corresponding to the OPTI Module in LBR-5
- Convex linearization,
- Dual Approach (Lagrange)
Search for new design variables
NEW [X}

Redesign?

Is it a Feasible Design Space? Loop B Cor

New [X] set ‘ YES
Loop A

(Automatic re-analysis)

(Manual changes)

Fig. 3(c) LBR-5 framework (Part 3)

(Stiffened Panels Software), version 5.0. It provides the optimum
scantling of the midship section including plates, longitudinal
members and transverse frames. Least building cost and/or least
weight can be performed.

A detailed presentation of LBR-5 is available in a companion
paper (Rigo 2001). Here, the LBR-5’s presentation is revised to fit
with the new framework and its terminology (Figs. 3a—c). Later in
this paper the automatic design procedure of a midship VLLC is
presented as an example (Figs. 14, 15, and 16).

LBR-5 contains three major modules: CONSTRAINT, COST and
OPTI (Fig. 4). Usually, the considered structure is a cargo hold
(between two transverse bulkheads). The dimensions of this hold,
its general arrangement ([Z] external requirements) and the loads
([Y(U)] environmental data) have to be provided. Then, the struc-
ture is modeled ([Y]) using stiffened panels (Figs. 5 and 6). The
modeling is based on the general arrangement ([Z]) and the global

L.B.R.-5
A Module-Oriented Optimization
Tool

Modeling
Design Variables Selection

P
COST Pl CONSTRAINT
So— ’
OPTI
Optimization
Algorithm
Optimum

Solution
(SCANTLING)

Fig. 4 LBR-5 optimization hnodel
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geometric dimensions. associated to this arrangement (Product
variables [V]). The number of panels (N) is independent of the
frame spacing (Ay) and of the stiffener spacing (Ax) of each panel.
N, Ax and Ay are product variables [V] but also simulation pa-
rameters [T]. The number of frames and stiffeners can be opti-
mized without changing the product model [Y]. The only limita-
tion is that, for a given panel, all the frames are identical (as well
as for the longitudinal stiffeners).

For each panel (Fig. 5) the user can select up to nine design
variables ([X] = design variables selected within the simulation
parameters [T(V)]). For LBR-5, these nine design variables
[X(T,Y(V))] are respectively:

(1) Plate thickness,

(2-3) Longitudinal web height and thlckness

(4) Longitudinal flange width,

(5) Spacing between two longitudinal members,

(6-7) Transverse web height and thlckness,

(8) Transverse flange width,

(9) Spacing between two transverse members (frames).

The dimensions of a panel (product model variables [V] and
simulation parameter [T]) are not considered as design variables
for the optimization with LBR-5. Nevertheless, at a later stage
(Loop B), the user can, based on his experience and the previous
analysis, modify these dimensions in order to change, for instance,
the global arrangement or the double bottom height. For example,
Loop B for a revised optimization using the same [Y] model or
Loop C and Loop D for a higher level revised optimization using
new product and process models [V, W — Y].

The CONSTRAINT module is used to define the relevant con-
straints ([R(S(T,X,Y(V,U),Z))]. Maximum and minimum values
[G] of these constraints are based on design rules and codes such
as Eurocodes, Classification Societies, etc.

Constraints ([R] = [G]) are linear or nonlinear functions, either
explicit or implicit of the design variables (X) and product model
[Y]. These constraints are the analytical “translations” of the limi-
tations that the user wants to impose on the design variables them-
selves or to any [R] Response Metrics such as, displacements,
stresses, ultimate strength, etc. We can differentiate:

—Technological constraints (or side constraints) that provide
the upper and lower bounds of the design variables.

~~Geometrical constraints impose relationships between design
variables in order to guarantee a functional, feasible and re-
liable structure. They are generally rules based.

‘ Secondary Longitudinal stiffeners

Long. Girder n°1

Main Longitudinal stiffeners

Long. Girder n°2

\D

main frames
Secondary transversal stiffeners -

Fig. 5 A stiffened panel (basic product element) of an LBR-5 mesh
model (including longitudinal and transversal members)
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Stiffened

|-~ Secondary frame

Fig. 6 A stiffened plate with frames and longitudinals (between two
bulkheads)

—Structural constraints represent limit states in order to avoid
yielding, buckling, fatigue, etc., and to limit deflection,
stress, etc. These constraints are based on solid-mechanics
phenomena and modeled with rational equations.

For each constraint, a simulation model [S(T,X,Y,Z)] is used.
For instance, the stress level and the displacements are assessed
through an analytical resolution of the governing differential equa-
tions of stiffened plates using Fourier series expansions. The first
derivatives of constraints and objective function are also provided
[0R/9X (1), OF/9X(1)].

The COST module: LBR-5 can perform optimization for mini-
mum construction cost or minimum weight. In order to link the
cost objective function [F($) = F(R,T,X,Y,Z)] to the design vari-
ables [X], the unit costs of raw materials ($/kg), the productivity
rates for welding, cutting, assembling, ... (man-hours/unit of
work = m-h/unit) and the labor costs ($/m-h) must be specified by
the user. These data are process model variables [W].

The OPTI module (Fig. 7) contains the mathematical optimi-
zation algorithm to solve nonlinear constrained optimization prob-
lems. It is based on a convex linearization of the nonlinear func-
tions (constraints [R = G] and objective functions [F]) and on a
dual approach (Lagrangian multiplicators). This module uses as
inputs the results/outputs of the two other basic simulation mod-

THE REAL MATHEMATICAL PROBLEM:
CONSTRAINED PROBLEMS with
NON LINEAR and IMPLICIT EQUATIONS

A SERIES OF APPROXINMATED CONVEX PROBLEMS
Convex linearization of the constraints and
the objective function {explicit forms)

( DUAL APPROACH )

A QUASI UNCONSTRAINED PROBLEM (A>0)
Problem solved with the Conjugate Gradient Method
{first order) or with the Newton Method (second order)

1

. i

Fig. 7 An optimization module using convex linearization and dual
method i
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ules, i.e., to get the constraints ([R(S)] = [G]) and COST for the
F([X]) objective function.

Then the global problems solved by LBR-5 can be summarized
as follows:

X;=1 = LN, the N design variables [X]
F(X;) = [F] objective function
Ri(X;)=j =1,M, M structural and geometrical
constraints

Xi min = X; = X qiax = technological upper and lower bounds
of [X] design variables

Virtual reality simulations

Within the generic framework (Fig. 1), the simulation module
[S] can include a variety of simulation tools. These tools involve
either automatic algorithms that produce simulation responses [R]’
or interactive analysis systems that involve humans in the evalu-
ation process. Often, a combination of both is used. .

A virtual reality model is an interactive model to be evaluated
by humans. It consists of three-dimensional geometry derived
from the product model [V] and it may include functionality and
behavior based on the environmental model [U] and the process
model [W]. Often, the functionality of a virtual reality model is
driven by physics-based simulation algorithms as, for example, a
ship motion simulation program:

Immersive virtual reality deploys viewing technologies like
head-mounted displays or CAVE systems that present the virtual
model in full scale and in stereo. The user can walk around or fly
through the virtual product model, which is often referred to as a
virtual prototype. Response metrics R that relate to human factors
(visibility, accessibility, reachability, operability, etc.) can be best
evaluated in immersive virtual reality. Figure 8 illustrates the in-
spection of a double-bottom design using a CAVE system.

Not all virtual simulations require expensive immersive tech-
nologies. Once the virtual model has been created, it can also be
viewed in a nonimmersive way, for example, on a computer’s
monitor. Of increasing interest is the international standard VRML
(Virtual Reality Modeling Language) that allows for the distribu-
tion of virtual simulations over the Internet and for viewing of
these models using standard Web browsers. '

Fig. 8 Full-scale representation of a double-bottom model! in a virtual
reality CAVE system
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Fig. 9 Existing VLCC ship design

The response metrics R derived from a virtual reality simulation
can include a variety of parameters that may affect constraints G
and object function F. Examples are geometric inconsistencies
(like gaps or overlaps) that become clearly visible in a virtual
model, accessibility of spaces for welding or maintenance opera-
tions, collisions during assembly sequences, and others.

Creating a virtual reality simulation is part of the simulation
based design translator in Fig. 1. Quite often, this can be an au-
tomatic process that translates CAD representations from the prod-
uct model V into a VRML or related format. Functionality is often
added in a similar way or requires the combination of components
using existing authoring tools.

Applications

This section presents specific applications for each of the three
design environments. For the ISSMID-T model and the LBR-5
model, illustrative examples for a double-hull tanker are pre-
sented. The similarities and differences of the two environments
are described in terms of the generic framework. In the future we
plan to further our comparison by performing an optimized struc-
tural design of the vessel using both systems with the same design
constraints. Here we restrict our attention to the formulation of the
design problem for each system. Our third specific example is
virtual reality environment developed for a double-hull cargo ves-
sel.

Design of a 300 000 DWT VLCC—General data

Figure 9 shows the existing ship (300 000 DWT double-hull
VLCC) designed to DNV classification, and Fig. 10 shows general
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arrangement of the ship. Figure 11 shows the six loading condi-
tions required by DNV classification. The maximum total bending
moments of sagging and hogging conditions are 1.688 x 10° ton-m
and 1.694 x 10° ton-m, respectively.

ISSMID-T Model

Design variables (X)—The 31 design variables are: deck plate
thickness (X1), longitudinal spaces (X2-X5) and web frame space
(X6), the height and thickness of each web (X7-X19), the height
and thickness of each stringer (X20-X31).

Constraints (G)—The 48 constraint requirements are: minimum
deck plate thickness (G1), minimum hull section modulus at bot-
tom and deck (G2, G3), allowable bending, shear and equivalent
stresses of each web (G4—G30), allowable bending, shear and
equivalent stresses of each stringer (G31—G43).

i
51.2m
B ¥ L
‘S.Om
%3.521:\
C ______:____;____:___5____;____ L

Fig. 10 General arrangement (L =320 m, B=58m, D=381m, T=22
m, and C, = 0.83
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Eull load conditions Ballast load conditions Abreast load conditions

Ts :staticdraft Td : dynamic draft

Fig. 11 Loading conditions

Objective functions (F,F,)—Two objective functions are con-
sidered, hull weight and cost. For hull weight objective function,
(Fl) - WL + WT + WB + WF + WA! where:

Wy = (W, + L) x {04 +0.63 + Cp)4} v
Wr = (W x Ny, + W, x Ny,) x {0.4 + 0.6(3 + Cg)/d}
Wi = W, x N,
We = 160 x (Ly x B x D x Cy/1000)°728
Wa = 530 x (L, x B x D x Cy/1000)°46°
W, = weight of longitudinal members
Wi = weight of transverse members
Wy = weight of transverse bulkhead members

W, W, = weight of forebody and afterbody
W, = longitudinal weight per unit length
L, = cargo hold length (=256 m)

W Wy, = weight of web in cargo and wing tanks

N Ny = number of web in cargo and wing tanks

W, == weight of a transverse bulkhead
N, = number of transverse bulkheads

Structural cost (F,) = Material cost + Labor cost
(1) Material cost: = structural weight x unit material cost.
(2) Labor cost: (Tables 1 and 2) = jointing and welding m-h)
X unit labor cost.
—jointing M-H = joint length X unit joint m-h
—welding M-H = weld length x unit weld m-h
Penalty functions (P,, P,)

P!=F,+)\IEG, P2:F2+)\22G
where \|, A, = Lagrange multiplier.

Design example (block length is 25.6 m)—Figure 12(a) shows
the ship structures of one block length, which is divided into
several erection blocks. Figure 12(b) shows the center block,
which is divided into pre-erection blocks. Then, the double-
bottom pre-erection block is divided into several assemblies, mid-
assemblies, components and fabrications. The fabrication cost is
obtained by multiplying jointing and welding man-hour by unit
labo's cost (= $15/m-h) and the number of blocks (= 10) in the
cargo holds. .

As shown in Fig. 13, the Pareto optimal set is obtained by
considering the longitudinal, transverse and transverse bulkhead
members simultaneously for total cargo holds. The weight shows
the hull weight of total ship length, and the cost shows the fabri-
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cation cost of total cargo holds. Designers can choose a better
design from the obtained Pareto optimal set according to current
yard facilities and environment.

LBR-5 model

Application of the LBR-5 design environment for the same
VLCC vessel is formulated as follows.

The Z requirements are defined in the general arrangement (Fig.
10). The Y model parameters of the structure (System Definition)
are the following (see U, V and W parameters).

The U environment model is fully defined by the loading cases
of Fig. 11.

The W Process model includes:

* Block length = 51.2 m,
* Unitary material and fabrication costs (Rxgo 2001).

In the present example the global building cost is evaluated
using the following costs and productivity factors:

* Reference plate thickness = 20 mm, ;
= Unitary Labor Cost ($/m-h)/Mat. Cost ($/t)
= 0.08 (in U.S.) or 0.03 (in Korea)
* Unitary prices of steel: C1 = 0.50 $/kg,
* Unitary price of welding (materials only): C8 = 2.00 $/m,
+ Unitary working load (labor):
—Plate assembling: P10 = 0.25 m-h/m?,
—Welding stiffeners on the panel: P4 = 0.5 m-h/m,
—Welding frames on the panel: P5 = 1.5 m-h/m,
—Built the members: P9 = 1.5 m-h/m (if built on site),

otherwise P9 = 0.0 m-h/m,
—Slot for stiffener: P = 0.6 m-h/piece,
—Bracket or web stiffener: P7 = 0.6 m-h/piece.

These values are only given as examples. They vary from ship-
yard to shipyard and from country to country. The process model
will therefore influence the optimum scantling.

The V Product model—

* The mesh model (Fig. 14) of the tanker hold includes 47
stiffened panels (Fig. 6) and nine design variables each. These
values are only given as examples. There are also additional
panels to model the symmetry axis (or boundary conditions)
and to simulate the double-bottom and the double-side hull (not
visible in the Fig. 14).

The X Design variables—

» NT = 423 design variables (9 x 47 panels);

* NE = 70 to 250 equality constraints between design vari-
ables. This number changes according to the level of standard-
ization. For instance, uniform deck platmo requires five equal-
ity constraints and identical stiffeners in the double bottom
needs 44 equality constraints.

* NI = 173 to 353 independent design variables (NI = NT
-~ NE).

The R Response Metrics—

« 2015 struclural constraints (403 x 5 load cases; 811 con-
straints per panel).
* Two constraints on the hull ultimate bending moment.
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Fig. 13 Pareto optimal set—optimum weight versus optimum cost

« One constraint on the vertical position of the gravity cen-
ter.
+ 198 geometrical constraints (7 x 47 panels).

Structural constraints mainly concern:

« plate yielding (von Mises) and plate buckling,
» stiffener yielding (web and flange),

* frame yielding (web and flange),

« stiffener ultimate strength.

Geometrical constraints deal with:

» slenderness of the web stiffeners,
+ ratio between web height and flange width (for stiffener
only),
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G 45 3
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Fig. 14 LBR-5 product mesh model
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e ratio between plate and web thicknesses (for stiffeners and
frames),

* ratio between flange and web thicknesses (for stiffeners
and frames).

The S Simulations Model—
The R structural constraint’s response metrics are obtained us-
ing different S simulation models:

* The differential equations of stiffened panels (von Karman
plate theory) to assess displacements and stresses (against
yielding) (Rigo 1992).

* Parametric models for biaxial plate buckling (Hughes
1988) and ultimate strength model (Paik & Mansour 1995, Paik
et al 1996).

» The geometrical constraints are provided by simple for-
mulation (rules based).

The G constraint acceptance criteria—

~* Against yielding the criteria is

O(von Misesy < 1.0 Yield Stress (a,)

* For plate buckling: o efrectivey < 1.0 Opuckiing

* For stiffened panel (axially compressed):
O.(effeclive) < 08 G(ultimate strength)

« For ultimate bending moment of hull girder (in sagging
and hogging):
M(required .by Class. So:.:.) <08 M(Ultimate Bending Moment)

» Maximum position of the gravity center is fixed with re-
gards to the stability. For tanker this constraint is not relevant
but would be for other ship types.

. The F objective functions—

* Using the unitary material and fabrication costs (see above
in the process model) the construction cost is assessed using a
simulation model (Rigo 2001).

Typical LBR-5’s output is the optimum scantling given in table
format (not shown here) and a review of the constraint intensity
such as displacements (Fig. 15) and stresses (Fig. 16).

g

Fig. 15 Transversal displacement (8) at mid-span of a block: §,,., = 30
mm; 2-D analysis using a refined mesh model (load case 1)
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Fig. 16 Longitudinal stress: o(x) = 210 N/mm?, 3-D analysis (sagging
+ load case 2)

Virtual reality simulations

Ship motion simulation—In this application, the motion of a
high-speed containership traveling in head seas was pre-calculated
by a linear analysis algorithm. The results were then used to ani-
mate a VRML model consisting of three object groups: Animated
wave surface, moving ship hull with superstructure, and bending

Fig. 17 VRML animation of ship motion simulation

moment indicator displayed as a background graph (Fig. 17). As
the vessel travels through the waves (with animated pitch), a mov-
ing red line on the background graph indicates the current bending
moment. Interactive time controls for forward, rewind, and freeze
allow studying any situation of interest in detail.

Analysis of a Double-Bottom Design—Derived from a CAD
representation of a double-bottom section, this virtual prototype
(Fig. 18) was analyzed in immersive and honimmersive virtual
reality. A walk through the model revealed several design errors
typically found in initial CAD models created at an early design
stage. Often, these errors are quite embarrassing and, if not found,

Fig. 19 Stages of animated assembly sequence
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can result in costly time delays during the manufacturing process.
In this case, several compartments of the double-bottom section
are not accessible at all and it would not be possible to weld the
section together. Simply adding more manholes proved not to be
a solution since longitudinal stiffeners on the bounding plates of
these compartments needed to be cut in order to create access.
These stiffeners contribute to the structural integrity of the section
and, therefore, cannot be removed. As a result of the analysis, the
entire design needed to be changed.

A proposed assembly sequence for the same double-bottom
model, as provided by a shipyard, was implemented as a VRML
animation (Fig. 19). This simulation illustrates this process clearly
for the manufacturing department, but also allows for the study of
clearances, possible collisions during this process, required weld-
ing operations at various stages, necessary crane operations, and
other production aspects.

Conclusions

Designing mechanical systems involves achieving simulta-
neous, though sometimes competing, objectives. The systems
must perform their function while conforming to constraints and
boundary conditions. Acceptable performance is usually measured
in terms of static and dynamic response levels such as displace-
ments, stress levels, and vibration amplitudes. The design process
consists of establishing the structural system and composite sub-
systems, which optimally satisfy the topology, shape, loading and
performance constraints while simultaneously considering the
manufacturing or fabrication processes in a cost effective manner.
It is definitively clear that use of the present generic framework is
not limited to the three presented applications. Of course, the
framework fits with these three packages but it has been thought
to be broad enough to include most of the advanced design pro-
cedures (Birmingham et al 1997, Ennis et al 1998, Hills & Buxton
1989, Pugh 1996).

The new framework presents a generic methodology for simu-
lation-based ship design. Two existing models dedicated to pre-
liminary ship design have been assessed as being compatible with
this new framework, as is a virtual reality environment in which
the assembly process is assessed. Comparison with other simula-
tion tools is welcome to improve the framework and to further
establish its versatility.

Valuable use of this generic framework could be found in pro-
fessional and educational environments (Pugh 1996). It could even
form the basis for ship design improvement based on production
and design integration, advanced research in a shipyard’s plan-
ning, and progress in ship optimization tools. It is hoped that
designers and shipyards alike find this new design scheme useful
and an influence on the design approach, particularly in integrat-
ing simulation tools within their design and optimization proce-
dures.
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