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Abstract

The goal of the proposed multi-objective optimization algorithm is the search of the
Pareto-optimal front keeping good population diversity using a hierarchical genetic
algorithm with co-evolution of multi-populations. A self-adaptive genetic search
incorporating Pareto dominance and elitism is presented. Two concepts of
dominance are used: the first one denoted by local non-dominance is performed at
the isolation stage of populations and the second one called global non-dominance is
performed on the age structured population. The age structured population is used to
store the ranked solutions with the aim of obtaining the Pareto front after the
evolutionary process. The application to composite structures with the compromise
between minimum strain energy and minimum weight is presented.

Keywords: multi-objective, co-evolution, non-domination, self-adaptive, age
control, composites.

1 Introduction

Structural applications of composite materials have been growing due to their
excellent specific stiffness, low weight, and reduced energy consumption. One
approach for decreasing costs in composite structures is to adopt a hybrid
construction where expensive and high-stiffness materials are used together with
inexpensive and low-stiffness material. The optimization problem of topology
associated with material/stacking sequence design of hybrid composites is very
complex when sizing variables, as ply angle and layer thickness are simultaneously
considered. Furthermore, since the balance between weight/cost and stiffness is
important in hybrid laminates construction the use of multi-objective design
procedures are necessary. Only a few researchers have presented multi-objective
design approaches for hybrid composites. In particular, Rahul et al. [1] minimize the



cost/weight of hybrid laminates while maximizing the strength under impact loads.
Baier et al. [2] combine strength and manufacturing requirements to optimise
structures using metal parts and carbon composites. Ghiasi et al. [3] proposed a
model for structural and manufacturing simultaneous design of composites. Also,
Pelletier and Vel [4] proposed two models. In the first model the objectives are to
maximize the loading capacity and minimize the mass, and in the second one the
objectives are to maximize the axial and hoop rigidities and minimize the mass of a
graphite/epoxy pressure vessel. Recently Irisarri et al. [5] presents a multi-objective
optimization strategy of composite stiffened panels. The global optimization is
addressed as: approximation of objective functions to limit calculation costs and
decomposition of design domain using iteratively the variables associated with the
skin and the stiffeners.

In general, a multi-objective optimization algorithm leads to a set of optimal
solutions known as Pareto-optimal solutions. The reason for this is that no solution
can be considered better than other relatively to the objective functions. The
principal goal of a multi-objective optimization algorithm is the search of the global
Pareto-optimal front keeping population diversity in the Pareto-optimal solutions. In
this paper such a challenge is performed using a multi-objective hierarchical genetic
algorithm (MOHGA) with co-evolution of multi-populations [6-8].

2 Optimization of hybrid composites

The multi-objective optimization of composite structures is defined here as a bi-
criterion problem. The hybrid construction used in composite structures deals with
the compromise between minimum strain energy and minimum weight/cost,
exploring the alternative optimal design solutions.

Cost reduction and use of alternative optimal design solutions are important
challenges for designers concerned with sustainable energy consumption. The
optimization problem is formulated attempting to minimize the weight/cost W(u,r)
and the strain energy U(u,m) of the structure, subject to constraints related to
structural integrity [6-8]. The design variables u and 1 are associated with the sizing
and material distribution, respectively. The constraints are imposed on the critical
load factor, A, and on the critical displacement, d.;, both of which are
associated with buckling and first ply failure [6]. The first ply failure is determined
based on the Huber-Mises law [6]. Thus, the multi-objective optimization of plates
and shells of hybrid composite structures reinforced with beams under static loading
can be formulated as follows:

Minimise OBJ (u,n) = (W(u,n), U (u,n)) (1)

subject to
A crit! (u,m) <
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with Xa and Ea the allowable values for critical load factor and critical
displacement, and the size constraints:

0y (u.m) = 1<0 3)

oy <up<u, j=l..N, (4)
satisfying the equilibrium equation set:
¥('d'r umn) =r(‘dun)-'AF=0 (5)

and the additional arc-length method equation:

o, \,x,m)=0 (6)

In equilibrium Equation (5), r(‘d,u,m) denotes the internal forces in the

structural system, d is the displacement vector, % is the load factor, and F is the
vector of the applied external forces. Since the nonlinear geometric behaviour is
considered, the equilibrium is reached through an iterative and incremental loading
process based on the arc-length method in Equation (6) for a load level z.

The composite structures considered in this approach are composed of plate,
shell, or beam laminates. The design variables represented by vector u are defined as
follows: the angle 6; ; and the thickness t; j of the i-th ply of the j-th plate or

shell laminate, grouped in the vectors 0 and t, respectively; the height £ ; and the

width w; of the rectangular cross section of the j-th beam laminate, grouped in the

vectors h and w, respectively. The macro-mechanical properties of each laminate
depend on the design variables previously defined and also on the ply material and
on the laminates distribution on the structure. The material distribution at laminate
level and structure level is defined through the variable 7 ;, associated with the j-th
plate or shell laminate. These variables related to the hybridisation are important in
the optimal design of laminated structures with multi-materials [6-8]. In the

approach considered in this work, they are grouped in vector 7.

3  Multi-objective genetic algorithm

3.1 Co-evolution of populations

An approach for structural robust design that simultaneously considers minimum
weight/cost and maximum performance/minimum strain energy is proposed in this



paper. The trade-off between the performance target, depending on given stress,
displacement and buckling constraints imposed on composite structures, against
minimum weight/cost, is searched. The Pareto front is built and such a challenge is
performed here using a modified version of previously proposed hierarchical genetic
algorithm with co-evolution of multi-populations [6-8] and is denoted by MOHGA.
A self-adaptive genetic search incorporating Pareto dominance and an elitist strategy
storing the non-dominated solutions found during the evolutionary process is
considered [7]. The MOHGA with age structure used in this work to solve the multi-
objective optimization problem is a mixed model applying multiple crossover and
mutation operators aimed at exploring the synergy and adaptive properties of that
algorithmic topology. The algorithm considers a sequential hierarchical relationship
between subpopulations evolving in separated isolation stages followed by
migration. Improvements based on the Species Conservation paradigm are
performed to avoid genetic tendencies due to elitist strategies used in hierarchical
subpopulations [6].
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Figure 1: Hierarchical relationship of sub-populations of the MOHGA and
chromosome segmentation.

In the proposed MOHGA model, three subpopulations are arranged in a ring and
have a hierarchical relationship going from the upper level subpopulation POP1 to
the lower level subpopulation POP3. Each MOHGA subpopulation has an
independent evolution during a time period denoted by Isolation Stage, where the
crossover and mutation operators are applied in a sequence of operations. After
isolation, a Migration Stage occurs with individuals moving towards the subsequent
subpopulations in the ring net as shown in Figure 1. The initialization of the
subsequent populations is performed with migrated individuals together with new
randomly generated individuals. A life cycle from POP1 to POP3 is called epoch.

The use of elitist strategies in the subpopulations of the MOHGA seems
contradictory to the Species Conservation paradigm, and to overcome this difficulty



an enlarged population POP4 is considered [6-8]. Then, all individuals generated as
“new” during the evolutionary process are stored into POP4 with an age structure.

Depending on the evolving subpopulation, different design variables are
considered in the optimization model corresponding to active and non-active
segments of each chromosome as shown in Figure 1. The use of different active
segments of the chromosome corresponds to a decomposition of the design space.
Chromosome activation deals with segmentation of the population in niches and is
driven together with the use of species concept. Individuals with identical material
distribution topology belong to the same species having equal code value for the 3™
segment of the chromosome associated with that material distribution on laminate
and on structure. To induce niche behaviour, rules for species conservation and
species dominance are adopted, and the number of individuals belonging to a
species is controlled [6]. More specifically, the implementation of the Species
Conservation paradigm is considered at the Isolation and Migration stages based on
the following rules at each evolution stage: in Isolation stage the number of
individuals belonging to the same species is limited; and in Migration stage all
candidates to migration belong to different species [6,8].

3.2 Self-adaptive Procedures

It is recognized that the efficiency of genetic algorithms improves if some adaptive
rules are included. Adaptive rules perform using additional information related to
the behaviour of state and design variables of the structural problem. At each
generation, the self-adaptation of the genetic parameters to evolutionary conditions
attempts to improve the efficiency of the genetic search. The introduction of
adaptive rules occurs at selection, mutation, crossover and migration operators [6-8].
Self-adaptation has proved to be highly beneficial in automatically and dynamically
adjusting evolutionary parameters. In order to preserve the diversity of Pareto
optimality a population entropy control is proposed. The introduction of adaptive
rules occurs at three levels: (i) when defining the search domain in each generation;
(i1) considering a crossover operator based on commonality and local improvements;
and (iii) by controlling mutation, including behavioural data. Self-adaptation has
proved to be highly beneficial in automatically and dynamically adjusting
evolutionary parameters.

Crossover Mechanism of recombination Taxonomy
MSM OGM OSM analysis
EHCgi Elitist based on | Hybrid crossover with | Elite group transferring NBCO
fitness genetic improvement
EpUC Elitist based on | Uniform Elite group transferring DCO
fitness parameterised
crossover
ApUC Non-elitist Uniform Lethal age control + DCO
based on age | parameterised dominating sorting
and dominance | crossover

Table 1: Crossover operators for self-adaptive procedure



Table 1 shows the mechanisms of recombination of the proposed crossover
operators, grouping them according to taxonomy analysis [6-8]. The crossover
operators based on its application to both parents are grouped as: Discrete Crossover
Operators (DCOs), Aggregation Based Crossover Operators (ABCOs), and
Neighbourhood-Based Crossover Operators (NBCOs). The mechanisms of
recombination are the Mating Selection Mechanism (MSM), the Offspring
Generation Mechanism (OGM), and the Offspring Selection Mechanism (OSM).

The selection of crossover operators depends on the quality of the offspring
generated by recombination. During the evolutionary process, the best offspring
solution obtained from the crossover is compared with the worst solution of the elite
group. This last solution is the best candidate to be eliminated in the next generation.
A success event happens when the best-fitted offspring is better than the worst-fitted
individual of the elite group of the population. The quality of the solutions obtained
from a crossover is then associated with the number of success events divided by the
number of generations and is denoted by the success rate. A self-adaptive
probability to select a crossover operator scheme can be established depending on
the cumulative number of success events. In this work, two crossover schemes can
be selected in each subpopulation of MOHGA as described by Concei¢do Antonio
[8].

The incorporation of data related to the behaviour of state variables of the
structural system is the main objective of the Controlled Mutation [6-8]. The
establishment of a relationship between the stress field in the composite structure
and the chosen genes to mutate can control the mutation process. This is also a self-
adaptive procedure adopted for MOHGA

3.3 Non-dominated sorting at isolation stage

At isolation stage of each MOHGA sub-population defined here as set Q = R” the
individuals are sorted and ranked according to local non-constrain-dominance.
Following the definition by Deb [9], an individual x; € Q 1is said to constrain-

dominate an individual x ; € Q, if any of the following conditions are verified:
(1) x; and x; are feasible, with
(i) x; is no worse than x ; for all objectives, and
(i) x; is strictly better than x ; in at least one objective,
(2) x; 1s feasible while individual x ; is not,
(3) x; and x; are both infeasible, but x; has smaller constraint violation.

The constraint violation of an individual x is defined to be equal to the sum of
the violated constraint function values in the multi-objective optimization problem
formulated from (1) to (6):

E(um) - il r(u, ) %

with



0 if @;(um)<0
I lo; (um)]- | (8)

¢;(u,m) if @;(um)>0
The concept of constrain-domination enables to compare two individuals in
problems having multiple objectives and constraints, since if X; constrain-

dominates X ;, then x; is better than x ;. If none of the three conditions referred

above are verified, then x; does not constrain-dominate x ;.

The problem of stacking sequence design of composite structures is well known
for having many local optima, and so, dominated solutions are expected. The
approach proposed in this work uses a mixture of developed techniques and new
techniques in order to find multiple Pareto-optimal solutions in parallel. The
principal aspects are: the storage of the Pareto-optimal solutions found, the use of
the concept of Pareto dominance in order to assign scalar fitness values to
individuals, and the clustering through the co-evolution of sub-populations to reduce
the number of non-dominated solutions stored without destroying the characteristics
of the Pareto-optimal front.

3.4 Fitness assignment procedure at isolation stage

To build the Pareto front it is necessary to rank the population according to non-
dominance definitions. The proposal of Fonseca and Fleming [10] is adopted in this
paper, a scheme in which the rank of a certain individual corresponds to the number
of chromosomes in the current population by which it is dominated. So, lets consider

an individual/solution x;, which is dominated by p; individuals in the current

generation. Its current position in the individual’s ranking can be given by:
1= 1+ Di (9)

All non-dominate individuals are assigned rank 1, denoted by r!. Rank 1 is
temporarily disregarded from the population and the non-constrain-dominated
solutions of the remaining population are founded and designated as non-constrain-
dominated set of rank 2. The procedure continues until all the individuals are
ranked. A short analysis reveals that any population, must have at least one solution
with rank 1 and that the maximum rank of any population individual cannot be
larger than the population size, N.

After the ranking is performed in ascending order of magnitude, a raw fitness is
assigned to each solution based on its rank. The raw fitness is obtained using a linear
mapping function taking values between N for the best ranked solution and 1 for the
worst ranked solution. The raw fitness is averaged considering at a time the
solutions in each rank. So, for any solution x;, the following average fitness

assignment is obtained as:
N-05(n-1) if r=1

Fiaver — rl. —1 (10)
N=>nk)-0.5(n(r)-1) if r =1
k=1



being 7; the rank of x; as established in equation (9) and n(7;) the number of

solutions in rank 7;. As follows F*"®" is the average fitness of all solutions having
the same rank 7;. The mapping and averaging procedures ensures that better ranked
solutions have a higher fitness and non-dominated solutions play the most important
role in a population.

In order to guarantee the diversity of non-dominated solutions the concept of

niching among solutions belonging to each rank is adopted as proposed by Fonseca
and Fleming [10]. In the proposed approach a solution located in a less-crowded

region will have a better shared fitness. The shared fitness F"* of a solution x; is

obtained dividing the corresponding average fitness calculated using equation (10)
by the niche count nc(x;),

aver
F.

FviShal" — 1 (11)
ne(x;)

The niche count of a solution x; is calculated as

n(r;)
ne(x;)= Y Shar(d;) (12)
j=1
being Shar(8;;) the sharing function defined as

1| O ) if §, <
Shar(sij) = S share 1 i = Oshare

0 otherwise

(13)

where 6; is the normalized distance between any two solutions x; and x;

(including itself) in rank 7;, o is the shape parameter of the sharing function and
O hare 18 a reference distance associated with the sharing effect. It is possible that

several solutions have the same rank position and to distinguish their quality the
metric distance is calculated using the objective values:

. . 2
5 _ M fk(l) _fk(J)
7 Z max min

k=1 fk —Jk

(14)

where f;"“" and f, kmin are the maximum and the minimum objective function

values of the k-th objective. In proposed MOHGA approach those objective function
values are evaluated in age structured population POP4. The shape parameter in
equation (13)is a =.5.

In a rank, the average shared fitness value of solutions should remain the same
average assigned fitness value before sharing [9]. In order to preserve the referred
property a scaling is performed as follows



—shar F~aver1‘|(l’~ ) sk
F ] — 1 l F'S ar 15
: n(r;) ! (15)

shar
2 By
k=1
The described procedure will continue for all ranks and the fitness assignment
process can be described as follows:

1** Step: Initialize n(j) =0 for all possible ranks j=1, ..., N. Do solution counter
i=1.

2" Step: Calculate the number of solutions p; that dominates solution x;. The
rank of x; is computed as r; =1+ p;. Increment the number of solutions in rank as
n(;) < ;) +1.

3" Step: If i < N do i < i+1 and go to Step 1, else go to Step 4.

4t Step: Identify the maximum rank r verifying n(r;) > 0. Sort based on rank and

calculate the average fitness F;***" for any solution x; and for i=l, ..., N,

according to equation (10). Set a rank counter » =1.
5™ Step: For each solution X, inrank r, calculate the niche count nc(x;) with the

other solutions in the same rank by using equation (12) and the shared fitness
h : . : .
F"%" by using equation (11). Scale the shared fitness using equation (15).
6" Step: If » <7, do r < r+1 and go to Step 5, else stop.
In the proposed approach a dynamically updated procedure is adopted for &,

in sharing function defined by equation (13). For two objectives [9] the updating
expression is:
flmax _flmm n 2max _fzmm

Oshare = N—1 (16)

where f,"* and f;"" are the maximum and minimum values of each objective

function evaluated in age structured population POP4.

3.5 Building Pareto front based on age-structured population

A continuous model of generation of individuals was adopted for age-structured
population. An enlarged population with age structure POP4 and performing in
parallel with the hierarchical topology of MOHGA is considered in this model [6].
Each individual belonging to population POP4 is characterized by two parameters:
individual age and lethal age. The individual age increases one unit after each
generation. Any individual removed from MOHGA sub-populations either by elitist
strategy or by finishing of Isolation stage of evolution and not selected for
migration, will survive in the population with age structure POP4. Furthermore, its
individual age will continue increasing until removed definitively due to /ethal age.



»
»

Ranking based on age

Parent selection

PzeQ
Qz{VpiePt:r(pi)S;} Unif(0,1) " HEEEREE

Figure 2: Non-elitist parent selection based on age and dominance (MSM).

The population with age structure is ranked according to non-dominance concepts
defined in Section 3.3. This is denoted by global dominance and the corresponding
global Pareto front is built.

In the population with age structure (POP4) the mating selection mechanism
(MSM) is conditioned by two rules: (i) the candidate age, and (ii) the rank position
in non-dominating ranking. One parent comes from enlarged population according
its age and the second parent is selected based on the global dominance.

Assuming that population maturity and potentiality follow a Normal distribution
the parent selection is probability dependent and this is applied to first parent choice.
Figure 2 presents the Normal probability density function, f,(z), applied to first
parent selection in this crossover process. Individuals with ages located at the tails of
the Normal density function are the youngest and the oldest of the scale, and they
have a very low probability to be selected as parents. Then the reproduction rate by
crossover depends on the maturity and degrades as the life cycle goes on till the end.

The selection of second parent is based on its dominance. Solutions which rank

r(p;) is lower than risa mating candidate. The second parent is select from the set

group Q with a Uniform probability distribution function. This guarantees the
improvement of global Pareto front during the evolutionary process.

4 Numerical Example

Aiming to discuss the capabilities of the MOHGA to deal with multi-objective
optimization of composite structures a numerical example is presented. A cylindrical
shell with rib stiffeners both made of laminated composite materials is considered as
shown in Figure 3.
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Figure 3: Geometry and laminates of the cylindrical shell reinforced with beams.

The shell is hinged on straight sides and free at its curved boundaries. A central
point load F),,, /4=1kN is applied. Ten laminates were taken into account for the
structure, four laminates grouping the shell elements (from 1 to 4) and the others
(from 5 to 10) grouping the beam elements of rib stiffeners. All laminates are
symmetric and composed by six plies. The rib stiffeners are connected bellow the
shell elements. The mechanical properties of the materials for ply laminate are taken
from Tsai [11] and presented in Table 2 with longitudinal strength, X, transversal
strength, Y, and shear strength, S, longitudinal Young modulus, E;, transversal

elastic modulus, E,, shear modulus, G;,, Poisson’s ratio, v, and specific weight of
the material, p.

Material
Type Code Eqy [GPa] E, [GPa] Gy, [GPa] v
CFRP: T300/N5208 1 181.00 10.3 7.17 0.28
GFRP: Scotchply 1002 2 38.60 8.27 4.14 0.26
GFRP: E-glass/epoxy 3 43.00 8.90 4.50 0.27
KFRP: Kev 49/epoxy 4 76.00 5.50 2.30 0.34
X [MPa] Y [MPa] S [MPa] p [kg/m3]
CFRP: T300/N5208 1 1500 40 68 1600
GFRP: Scotchply 1002 2 1062 31 72 1800
GFRP: E-glass/epoxy 3 1280 49 69 2000
KFRP: Kev 49/epoxy 4 1400 12 34 1460

Table 2: Mechanical properties of the materials used in the composite laminate

One material from Table 2 is selected for each ply of each laminate. Four
composite systems are considered for ply laminates in this study: one carbon/epoxy
composite, two glass/epoxy composites and one Kevlar/epoxy composite. The
Kevlar/epoxy is considered as a possible material choice only for the inner ply of the
symmetric laminates. The remaining materials are free selection and at least two
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materials must be considered for hybrid composite laminate construction. Then there

are 33 possible combinations of these four materials for the stacking sequence = ;

considering the defined rules and six plies in the symmetric j-th composite shell
laminate construction. The beam laminates have six plies made by material number
2 from Table 2 and this kind of material does not change during the optimization
process. The maximum allowed value for critical displacement in buckling or FPF

failure modes is Ea —1.3x10"  m. The lower bound for the critical load factor

defined in Equation (2) is La =0.45. The size constraints on the design variables

are established as:
- 90°<0; ; <90°

-3 P -3
1.2x10 "m < ¢; j < 2.4x10 “m
" (17)

2.0x10 2 m < hj < 4.0x10~2 m

50x10 °m < W) < 1.5x10 2m

Subpopulation POP1 POP2 POP3
Population size 30 27 27
Elite group size 10 9 9
Mutation group size 10 9 9

Nr. digits/binary or integer code 4/3/4  4/3/4  4/3/4
Generations/isolation time 6 6 6

Table 3: Genetic Algorithm parameter definitions

The genetic parameters of the MOHGA are presented in Table 3. Five individuals
belonging to different species participate in each migration flow between the three
MOHGA sub-populations as shown in Figure 1. The number of digits in code format
refers the binary coding of the first two segments and the last number refers the
integer code used in third segment of the chromosome as shown in Figure 1. In the
age-structured population, the lethal age is equal to 25 generations. In the self-
adaptive crossover procedure the parameters are according to [6]. The mutation
operators Implicit Mutation and Controlled Mutation used in this work have the
same probability to be selected as defined previously in author previous research [8].

The MOHGA performs during thirty epochs. Figure 3 shows the Pareto fronts
(rank 1) from the 10™, 25™ and 30™ epochs of the evolutionary process. The results
are obtained at the end of each epoch after isolation stage of age structured
population POP4 using the associated Pareto front. It can be observed the
performance of the proposed approach in search considering a multi-objective
optimization problem.

Some Pareto-optimal solutions belonging to rank 1 for the proposed structural
problem are presented in Table 4 and Table 5 captured at the 30™ epoch of age
structured population POP4. There are similarities among ply angle solutions for
different composite laminates. Also it can be noticed that for all solutions of the
Pareto-optimal front most of thickness design variables associated with shell
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laminates take the minimum values of the size constraints in Equation (17). This
means that most of differences in optimal values for weight objective function
depend on variables associated to stiffeners considered in composite structure.

15,0
L o epoch=15

14 0 7 xepoch=25
+epoch=30
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12,0 4
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Figure 3: Non-dominated solutions in Pareto fronts during MOHGA evolution.

Table 5 presents the description of the third segment of the chromosome for the
seven Pareto-optimal front solutions (rank 1). The optimal material distributions of
the structure are based on several kinds of laminates. The positions of the solutions
in the Pareto-optimal front are given by the numbering for the particular case of the
eighth epoch described in Figure 3 and Table 4.

It is observed that all materials are used in the Pareto-optimal stacking sequence.
However the composite system based on Carbon/Epoxy (CFRP: T300/N5208) and
the composite system based on Kevlar/Epoxy (Kev 49/epoxy) are the most
frequently used in Pareto front. Most of the solutions use the KFRP composite
system at the inner ply of the laminate due to its light weight. Also the CFRP
composite system is preferred for outer plies due to its higher strength and lower
weight. This example shows the efficiency of MOHGA supported by adaptive rules
and non-dominated sorting for the construction of the Pareto-optimal front.
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Laminate Design Pareto optimal solutions
Shell | beam | V21201 Ist 2nd 3rd 4th 5th
1 vy 120/18 | 120/18 | 120/18 | 223/42 | 223/42
1 12105, 120/54 | 120/54 | 120/78 | 120/78 | 120/78
1 131 /03, 120/-18 | 120/-54 | 120/-54 | 120/-54 | 1.20/-54
2 [ /6, 120/6 | 120/-6 | 120/-6 | 1.20/-6 | 1.20/-6
2 122/63, 1.20/6 1.20/6 1.20/6 1.37/6 | 1.20/6
2 132/03, 120-6 | 1.20/-6 1.37/-6 1.20/-6 1.20/-6
3 13 /00 120/6 | 120/54 | 120/-66 | 1.20/90 | 1.20/90
3 123/6,; | 1:20/66 | 1.20/66 | 1.20/66 | 120/66 | 120/66
3 133/635 1.20/90 | 1.20/90 | 1.20/-66 | 1.20/90 | 1.20/-66
4 114 /014 1.20/-78 | 1.20/6 | 1.20/90 | 1.20/90 | 1.20/90
4 124 /024 120/54 | 120/78 | 120/78 | 1.20/78 | 1.20/78
4 134/054 | 1-20/66 | 1.20M18 | 1.20166 | 120166 | 12066
5 hy /w 200/64 | 200/64 | 200/64 | 257/64 | 257/64
6 hy /Wy 314/50 | 31.4/50 | 314/50 | 314/50 | 31.4/5.0
7 hy / s 314/64 | 314121 | 37.1/7.9 | 37.1/15.0 | 40.0/15.0
8 hy /wy 31.4/50 | 20.0/5.0 | 31.4/64 | 31.4/64 | 31.4/6.4
9 hs / ws 257/5.0 | 20.0/5.0 | 40.0/12.1 | 40.0/15.0 | 40.0/15.0
10 he / we 257/64 | 257/64 | 286/64 | 28.6/64 | 28.6/64
Objectives: | _Weight [kg] | 73465 73.607 79.303 85.122 86.240
Energy [J] | 13514 8.508 7223 6.758 6.592

Table 4: Decoding results of the Pareto-optimal front solutions for the first two

segments of chromosome (7 ;,#;,w;[mm] and 6; ; [degrees])

Table 5: Decoding results of the Pareto-optimal front solutions corresponding to the
third segment of each chromosome (ply material properties defined in Table 2)

To illustrate the local dominance at isolation stage in different populations of the
MOHGA approach some results of the fitness assignment procedure are presented.

(l)) ;;?;2'1 Optimal stacking sequence

solutions 1 ; 2 ; 73 5 4
1 [1/1/4]s 5 [1/1/4]s ; [1/1/4]s ; [1/1/4]s
2 [1/1/4]s 5 [1/1/4]s ; [1/1/4]s ; [1/1/4]s
30 [1/1/4]s 5 [12/1]s 5 [1/3/1]s ; [3/2/1]s
4t [1/1/4]s ; [1/1/4]s ; [1/1/4]s ; [1/1/4]
5t [1/1/4]s : [1/1/4]s ; [153/1]s ; [1/1/4]
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Table 6 shows the results of MOHGA fitness assignment procedure described in
section 3.4 for local dominance. The results correspond to the last generation of 30"
epoch in isolation stage at population POP3. The non-dominated sorting definition
of section 3.3 is previously applied to all solutions in each population and ranked
according to its local dominance. In rank column it can be seen that some ranks have
no solutions. The use of an elitist strategy guarantees that rank 1 solution drives the
evolutionary process.

Solution | Weight [kg] | Energy [J] | Rank A}:{ﬁg‘s%e E(')f]hnet’ ?{‘nag:g ﬁﬁ]a;‘zg
1 90.9294 6.4635 1 23.0000 3.8240 6.0146 29.3626
2 73.4646 135140 | 1 230000 | 39725 | 57898 | 28.2651
3 86.3833 6.7735 1 23.0000 45243 5.0836 24.8178
4 73.6098 11.0610 1 23.0000 4.8209 47708 23.2909
5 79.3032 7.2223 1 23.0000 5.4413 4.2269 20.6354
6 73.8434 85453 | 1 230000 | 54549 | 42164 | 205839
7 75.5763 76391 | 1 230000 | 55872 | 41165 | 20.0966
8 78.1174 7.5994 1 23.0000 5.6068 4.1021 20.0263
9 75.1121 8.3739 1 23.0000 5.6363 4.0807 19.9214
10 73.4646 16.6300 2 18.0000 1.0000 18.0000 18.0000
11 79.2498 84520 | 4 17.0000 1.0000 | 17.0000 |  17.0000
12 93.1767 8.4585 8 16.0000 1.0000 16.0000 16.0000
13 93.1941 9.0855 10 14.5000 1.5574 9.3103 14.5000
14 92.7368 12.1240 10 14.5000 1.5574 9.3103 14.5000
15 91.7117 15.3230 11 12.0000 1.7551 6.8374 12.8927
16 103.7629 10.7770 11 12.0000 1.9118 6.2769 11.8359
17 97.6002 10.8930 11 12.0000 2.0075 5.9775 11.2714
18 82.3977 9.3893 18 10.0000 1.0000 10.0000 10.0000
19 90.2516 7.0680 19 9.0000 1.0000 9.0000 9.0000
20 101.7097 6.4146 20 8.0000 1.0000 8.0000 8.0000
21 78.0299 6.8309 | 21 7.0000 10000 | 7.0000 |  7.0000
22 81.7220 6.0311 22 6.0000 1.0000 6.0000 6.0000
23 86.6537 5.2993 23 5.0000 1.0000 5.0000 5.0000
24 84.7914 4.1186 24 4.0000 1.0000 4.0000 4.0000
25 85.4951 4.2498 25 3.0000 1.0000 3.0000 3.0000
26 83.7449 32070 | 26 2.0000 10000 | 20000 |  2.0000
27 88.8415 3.4336 27 1.0000 1.0000 1.0000 1.0000

Table 6: Fitness assignment procedure at last generation of isolation stage of POP3
corresponding to the end of 30™ epoch

5 Conclusions

A multi-objective hierarchical genetic algorithm (MOHGA) with age structure and
based on local and global dominance concepts to deal with multi-objective
optimization of composite structures is proposed. The approach based on multi-
populations evolution uses the species conservation technique to address the optimal
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stacking sequence and material topology of composite structures in multi-objective
optimization problems. Thus, the individuals corresponding to the same material
selection and topology of the hybrid composite structure belong to the same species.
The material distribution of the hybrid composite structures is performed at two
levels: the laminate level and the structural topology level.

A structural robust design problem that simultaneously considers minimum
weight or cost and minimum strain energy related with maximum performance is
presented. The trade-off between the performance target, depending on given stress,
displacement and buckling constraints imposed on composite structures, against
robustness, is searched. The global Pareto-optimal front is built at age structures
population using the concept of Pareto dominance. The concept of local dominance
and a sharing function in order to assign scalar fitness values to individuals is used
at isolation stage of populations. Such a challenge calls for a multi-objective
optimization and is performed here using the proposed hierarchical genetic
algorithm with co-evolution of multi-populations. Self-adaptive rules are
incorporated in the Pareto front design based on genetic search. The search method
adopts an elitist strategy storing non-dominated solutions found during the
evolutionary process. The results show that MOHGA is promising in multi-objective
optimization of composite structures.

Acknowledgments

The authors acknowledge the financial support provided by the Foundation for
Science and Technology (FCT), Portugal, through the strategic project PEst-
OE/EME/UI0225/2011.

References

[1] Rahul, G. Sandeep, D. Chakraborty, A. Dutta, “Multi-objective optimization
of hybrid laminates subjected to transverse impact”, Composite Structures, 73,
360-369, 2006.

[2] H. Baier, M. Huber, H. Langer, “Design optimization of hybrid material
structures”, Structural and Multidisciplinary Optimization, 36, 203-213, 2008.

[3] H. Ghiasi, D. Pasini, L. Lessard, “Pareto frontier for simultancous structural
and manufacturing optimization of composite part”, Structural and
Multidisciplinary Optimization, 40, 497-511, 2010.

[4] J.L. Pelletier, S.S. Vel, “Multi-objective optimization of fiber reinforced
composite laminates for strength, stiffness and minimal mass”, Computers and
Structures, 84, 2065-2080, 2006.

[5] F.-X. Irisarri, F. Laurin, F.H. Leroy, J. -F. Maire, “Computational strategy for
multiobjective optimization of composite stiffened panels”, Composite
Structures, 93, 1158-1167, 2011.

[6] C.A. Conceicao Antonio, “A hierarchical genetic algorithm with age structure
for multimodal optimal design of hybrid composites”, Structural and
Multidisciplinary Optimization, 31, 280-294, 2006.

16



[7] C. Conceicdo Antdnio, “Self-adaptation procedures in genetic algorithms
applied to the optimal design of composite structures”, International Journal of
Mechanical Materials and Design, 5, 289-302, 2009.

[8] C.A. Conceicdo Antonio, “A study on synergy of multiple crossover operators
in a hierarchical genetic algorithm applied to structural optimization”,
Structural and Multidisciplinary Optimization, 38, 117-135, 2009

[9] K. Deb, “Multi-objective optimization using evolutionary algorithms”, J.
Wiley & Sons, 2001.

[10] C.M. Fonseca, P.J. Fleming, “Genetic Algorithms for Multi-objective
Optimization: Formulation, Discussion and Generalization”, in Proceedings of
the Fifth International Conference on Genetic Algorithms, Stephanie Forrest,
(Editor), San Mateo, California, 416-423, 1993.

[11] S.W. Tsai, “Composites Design”, Dayton, USA, Think Composites, 1987.

17




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




