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Abstract

The conceptual design of complex systems presents significant challenges due to their large scale,
multidisciplinary nature, and dependence on technical, economic, and environmental factors. Such
systems require advanced design methodologies capable of addressing multiple, often conflicting
objectives. In response to these challenges, this research introduces a comprehensive framework
for multi-objective modeling in the conceptual design of complex systems, with a focused
application in the shipbuilding industry. The primary objective is to establish a systematic
approach for achieving Design for Excellence (DfX) through the simultaneous optimization of
diverse performance criteria .The proposed mathematical model is rooted in the DfX principles
and incorporates key indicators such as cost, performance efficiency, system reliability, and
technology and manufacturing maturity. A distinctive contribution of this study is the integration
of DfX principles with the multi-objective evolutionary optimization algorithm NSGA-III,
enabling the generation of Pareto-optimal solutions that balance conflicting objectives while
accounting for incompatibility and correlation constraints among available technologies. The
model is also highly flexible, allowing it to be adapted to various types of vessels with different
operational requirements .A case study in the shipbuilding industry demonstrates the practical
effectiveness of the proposed framework. The obtained solutions exhibit a high degree of balance
among the competing objectives. Quantitative comparisons show that NSGA-III outperforms
MOEA/D.and the Epsilon-Constraint method in three of the four objectives (OMOE, reliability,
and risk). Relative to MOEA/D and the Epsilon-Constraint method, NSGA-III achieves
improvements of 7.75% and 35.20% in Hypervolume, 17.35% and 40.88% in Spacing, 22.54%
and 411.76% in the number of Pareto solutions, and 31.25% and 72.73% in Inverted Generational
Distance (IGD), respectively. Although NSGA-III requires approximately 31.47% more
computational time than MOEA/D, it is 44.12% faster than the Epsilon-Constraint approach.These
results confirm the efficacy of the proposed model and establish it as a practical decision-support
tool for engineering design of complex systems.

Keywords: Many-objective optimization, NSGA-III, conceptual design, design for reliability (DFR),
shipbuilding.
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Parameter Value Description Parameter Value Description
NCOMPONENTS 10 The total number of components or D 700  Maximum development time allowed
subsystems under investigation.
NTECHNOLOGIES 3 Number of a?tematlve technologies for TRLmin 40 Minimum acceptable total TRL for the
each piece (values 0, 1, 2). entire system.
T 3760 Mission time . MRLmin 40 Minimum accegtable total MRL for the
entire system.
Rmin 09 Minimum overall reliability required for TmaxiMmax 9 Ma)flm}lm referenc.e level of n.laturlty
the system indicators for risk calculation.
B 4500000 Maximum total project budget
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Equipment Failure rate Cost effectiveness index
@) T(0) (1) T(2) T(0) (1) T(2) 0 T() TR
1 2.60E-05 1.20E-05 2.90E-06 163000 275000 188000 68 67 92
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(X ,,)Gas Turbine Engine ()(5 1)Fasl‘ processing system
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Parameter Value Used Explanation and Justification
For 4-objective problemsya
Population population size close to 100
size 92 providesya,good balance between
(pop_size) diversity and computational
efficiency
* Generates approximately 91
Number of | | Das-Deénni$ . refe.rence p(?mt§ in 4-
. dimensional objective space.
reference method with . .
. y This is a standard configuration
points n_pastitions=12 . S
for many-objective optimization
problems (MaOPs).
Number of Pr1mary stoppmg criterion.
. Sufficient to achieve good
generation 150 . .
convergence without excessive
s (n_gen) . .
computational time.
Geneti SBX +
enetic Polynomial Default operators in pymoo,
operators Mutation well-suited for mixed-variable

13

Generate reference points
Generate reference points in objective space (Q)
v
Initialize population Py
Initialize population Py wnh N feasible individuals

Evaluate ob]ecllves & app F¥ constraint handling
E, COST, REL, RISK)

i Parent Selection
/ Select parents (p4, p,) from Py

/ SBX Crossover
SBX crossover with P; = 0.9
v

Polynomial Mutation
Polynomial mutation with P, = 0.1

Offspring Evaluation
Evaluate offspring objectives & constraint handling

k
Fy, F2, ..., Fx donnated sorting
Non-dominated sorting — fronts Fy, F, ..., F
¥

v
=P; U Q; & Combine Populationg
Combine parents & offspring

Reference-point selection
Reference-point-based selection using niche counts

\ Form new population
W Form new population P.1) of size N
Output:

A
R Final Pareto front
(non-dominated solutions
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Parameter Value Used Explanation and Justification
and continuous optimization
problems
Crossover Standard value commonly used
. 0.9 . . .
Probability in evolutionary algorithms.
Mutation 0.1 Standard value commonly used
Probability ’ in evolutionary algorithms.
Seed 42 Ensures reproducibility of the
results
Re:)'zrin \° tive method for
(Cost - OMOE - Reliability) gasaw ¢5,b ag> ¥ IS generation Das-Dennis distribution of
rence pointsin NSGA-III
method
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A by jloae soled jo oad ool iuled A Jgux jo aF aigSilen
3, Sles el 039 i NSGAIIL g, J= bo; loe 3=
ol 0als oold isled Vo Jga &g 4y o6

slois, 4 s NSGA-IIT 0,650 5 Sloe oS dunlio N+ Jgo
<)l gleasle ulul » Epsilon Constraint JMOEA/D

Performance Improvement Improvement NSGA- o
Status over EpS{lon over I Criterion
Constraint MOEA/D
Better than
both 35.20% 7.75% 0.918 | (Hypervolume)
methods
Better than
both 40.88% 17.35% 0.081 (Spacing)
methods
Better than Number of
both 411.76% 22.54% 87 Pareto
methods Solutions
Better than Inverted
both 72.73% 31.25% 0.033 Generational
methods Distance (IGD)
Worse than
MOEAD, | 44 12% | 31.47% Exccution
better than 51.8 .
Epsilon Faster Worse Time (seconds)
Constraint

)y 0390 Joo Camwlms kel V-0

20T Sl 13l olerig Jae Comles Llxlg oo
IR i D90 Tor )L sy 2 1) bl oyl

B ials g Gl 4 o Baalal o Ol il vy VY Joax>
byl gae 0

Parameter Change oll\\daac))(E cl\éis?T é\fsullg C:%]T
BASE Base 70 2104 58 -
BUDGET -50% 70" - 58 2104
BUDGET +50% - - B B
TIME MAX -50% - - - -
TIME_MAX +50% - - - B
TRL_MIN_SUM -50% - - - _
TRL_MIN_SUM +50% - - - _
R_MIN -50% 701 - 68 2028
R_MIN +50% - - - _
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5 OMOE (1 (668 Cutte (Kot a0 (lES (055
()s5) sin Stamany (55130 Lo, bshs) Reliability
Ll asie S cpl o za05 4 Cost g Reliability o
L Bl Jo gy gl ol 5o dlawe > 0,509, 4 azgi
P9y 5 S9me skl B85 U ) S SRS Bs, 90
5 dwslio 8,50 A Jga> o0 ol &5 &, |> ;5.5 MOEA/D

Sehesd 518 (o)
Epsilon s MOEA/Dy NSGA-IIL x5! o ,Slae ooy A Jga

Constraint
OMOE ! o Risk
Method (Max) Cost(Min) Reliability (Min)
NSGA-III 701 2,104,000  0.9926 58
MOEA/D 698 2,098,000  0.9923 59
Epsilon
. 699 2,095,000  0.9917 60
Constraint

adas > (sl

J= 50 Fse slojlxe (pgas )0 (uizres
el 0als alodl dglie 4 Jgux o

Epsilon MOEA/D . NSGA-III 55, 4w dulic Jpoz A Jsi>

Constraint
Indicator NSGA- MOEA/D Ep sﬂop Best
111 Constraint Performance
(Hypervolume) 0.918 0.852 0.679 NSGA-IIT
(Spacing) 0.081 0.098 0.137 NSGA-III
Number of Parcto | 71 17 NSGA-II
Solutions
Inverted
Generational 0.033 0.048 0.121 NSGA-III
Distance (IGD)
Execution Time | 5, ¢ 394 927  MOEA/D
(seconds)

Y Multi-objective Evolutionary Algorithm based on
Decomposition
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