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Abstract There are many applications in aeronautical/aero-
space engineering where some values of the design param-
eters/states cannot be provided or determined accurately.
These values can be related to the geometry (wingspan,
length, angles) and or to operational flight conditions that
vary due to the presence of uncertainty parameters (Mach,
angle of attack, air density and temperature, etc.). These
uncertainty design parameters cannot be ignored in engi-
neering design and must be taken into the optimisation
task to produce more realistic and reliable solutions. In
this paper, a robust/uncertainty design method with statis-
tical constraints is introduced to produce a set of reliable
solutions which have high performance and low sensitivity.
Robust design concept coupled with Multi-Objective Evo-
lutionary Algorithms (MOEAs) is defined by applying two
statistical sampling formulas; mean and variance/standard
deviation associated with the optimisation fitness/objective
functions. The methodology is based on a canonical evolu-
tion strategy and incorporates the concepts of hierarchical
topology, parallel computing and asynchronous evaluation.
It is implemented for two practical Unmanned Aerial Sys-
tem (UAS) design problems; the first case considers robust
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multi-objective (single-disciplinary: aerodynamics) design
optimisation and the second considers a robust multidis-
ciplinary (aero-structures) design optimisation. Numerical
results show that the solutions obtained by the robust
design method with statistical constraints have a more reli-
able performance and sensitivity in both aerodynamics and
structures when compared to the baseline design.

Keywords Robust/uncertainty design - Multi-objective -
Multidisciplinary - UAS - Evolutionary algorithms

1 Introduction

Unmanned Aerial Systems (UAS) are seen as the next revo-
lution in aerospace engineering (Vickers and Robert 2001).
There are many applications in UAS design where some
of design variables and system input parameters cannot be
achieved exactly due to uncertainties in physical quanti-
ties such as manufacturing tolerances, material properties,
environmental conditions including temperature, pressure,
velocity, etc. (Ganguli et al. 2007; Ng and Leng 2007,
Raiagopal and Ganguli 2008; Lee et al. 2008a, 2009). In a
conventional approach, the values for geometry (wingspan,
length, angles) and/or flight conditions (Mach, angle of
attack, air density and temperature), and/or physical model
in manufacturing system are assumed as a constant. This
conjecture can produce a solution which has good perfor-
mance at a given/constant condition however it has unstable
performance or fluctuating performance of the objective
functions at off-design conditions. It is crucial to avoid
an over-optimised solution in engineering design by reduc-
ing its performance sensitivity with respect to uncertainty
parameters while maintaining or increasing its performance
(reliability).
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Alternative methods can be robust/uncertainty design and
reliable based design optimisation approaches that can han-
dle uncertainty parameters (Wang et al. 1997; Taguchi and
Chowdhury 2000; Clarich et al. 2004; Roos and Bucher
2005; Tang et al. 2005). Robust design method produces
designs at which the variation (sensitivity) in the perfor-
mance functions is minimal, while a reliable-based design
method produces designs at which the chance of failure
of system is low (reliability improvement). It is extremely
desirable that the design with both robustness and reliability
using both methods to produce a set of solutions which have
low performance sensitivity and reliable performance. This
research implements a robust design method with a set of
statistical (reliability) constraints to Multi-Objective (MO)
and Multidisciplinary Design Optimisation (MDO) to pro-
duce reliable solutions which have low sensitivity and high
performance while fulfilling all considered disciplines.

This paper is an extension of Lee et al. (2007a) where
a single-disciplinary design problem for UAS is solved by
using the single-objective and the robust design methods
and their results are compared. It is also clearly presented
the benefit of using the robust design method when com-
pared to the single-objective design approach. Herein, the
paper focuses on the benefit of using a robust design with
statistical constraints to solve multi-objective and multidis-
ciplinary design problems. The statistical constraints which
limit a minimum average performance and a maximum
sensitivity with respect to the uncertainty design parame-
ters, are directly associated to the fitness functions as a
penalty function which will be triggered when the con-
straints are violated. Hence the solutions obtained from the
optimisation will have higher reliability.

The paper studies robust multi-objective (aerodynam-
ics) and multidisciplinary (aero-structures) design optimisa-
tion methods with statistical (reliability) constraints to find
aerodynamically and structurally reliable wing planform
shapes for UAS. The methodology couples an advanced
evolutionary optimiser; Hierarchical Asynchronous Paral-
lel Multi-Objective Evolutionary Algorithms (HAPMOEA)
(Lee et al. 2007b), multidisciplinary analysis tools, and
the concept of robust/uncertainty strategy (lower sensitiv-
ity) with statistical constraints (reliable performance). The
potential of this methodology is illustrated through two
practical test cases with increasing levels of complexity.
The first case considers a robust multi-objective (single-
disciplinary: aerodynamics) design optimisation with aero-
dynamic statistical constraints to maximise an aerodynamic
quality of UAS at the variable cruise conditions. For the
second test case, a reliability based robust multidisciplinary
(aero-structures) UAS design optimisation with both aero-
dynamic and structural statistical constraints is conducted
to maximise both aerodynamic quality (high mean aerody-
namic performance and low its sensitivity) and structural
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quality (low mean load carrying structural wing weight and
low weight sensitivity) at the variable cruise conditions.
The rest of paper is structured as follows; the methodol-
ogy and algorithm for design optimisation are presented in
Section 2. Section 3 illustrates analysis tools for aerodynam-
ics and structures. Section 4 considers two real-world design
problems using reliable-based robust multi-objective (aero-
dynamics) and multidisciplinary (aero-structures) design
optimisation methods. The paper concludes with a sum-
mary of numerical results for UAS design optimisations and
presents some future research avenues in Section 5.

2 Methodology

2.1 Hierarchical Asynchronous Parallel Multi-Objective
Evolutionary Algorithms (HAPMOEA)

The method couples the Hierarchical Asynchronous Paral-
lel Multi-Objective Evolutionary Algorithms (HAPMOEA
software) (Lee et al. 2007b) with several analysis tools as
shown in Fig. 1.

The figure shows the stochastic method which is based
on Evolution Strategies (Michalewicz 1992; Koza 1994).
The method incorporates the concepts of Covariance
Matrix Adaptation (CMA) (Hansen and Ostermeier 2001;
Hansen et al. 2003), Distance Dependent Mutation (DDM)
(Michalewicz 1992). At the top level, the figure illustrates
implementation of the asynchronous parallel computation
(Wakunda and Zell 2000; Van Veldhuizen et al. 2003),
multi-fidelity hierarchical topology (Sefrioui and Périaux
2000) and Pareto tournament selection. At the bottom level
of this figure, the method shows two major search opera-
tions (Mutation and Recombination) and uses Game Strate-
gies. The figure at the middle level shows how the method
coupling an evolutionary optimiser (HAPMOEA), analy-
sis tools and a statistical design tool that takes uncertainty.
Details of HAPMOEA and its validation can be found in
Lee et al. (2007b, c). For multi-objective optimiser, HAP-
MOEA is implemented since it has been validated and used
to solve complex design problems (Lee et al. 2008a, b,
2009).

2.2 Robust/uncertainty design method

A robust/uncertainty design technique is considered to
improve the design quality of the physical model (Taguchi
and Chowdhury 2000). The robust design optimisation can
be defined as shown in (1).

Maximisation or Minimisation f

= f(xla .. ’-xm) (1)

- Xns xn+17 o
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Fig. 1 Multi-objective evolutionary optimizer: HAPMOEA software and analysis tools.
where (xi,...,x,) and (x;41, ..., X;,) represent design | K
parameters and uncertainty design parameters. The range f = T_1 Z( fi— f )2 or
of uncertainty design parameters (X1, ..., X, ) can also be I
defined by using two statistical functions; mean (x) and X
variance (§(x)) or standard deviation (o (x) = +/8(x)) as _ 1 : 70
> . . S of= |—> (fi—f 3)
part of the Probability Density Function. The robust opti- K -1 P

mization method minimises the variance/standard deviation
(sensitivity) of the performance under uncertain conditions.
Therefore the best way is to define the fitness/objective
functions associated to these statistical formulas: the mean
value ( f :(2)) and its variance (5 f: (3)) or standard deviation

(0f =)

1 K
=E;ﬁ- )

where K denotes the number of subintervals of variation of
uncertainty design parameters/states.

In this paper, the penalty function is added to the fitness
functions as shown below;

fPenalty = f(x)+rP(C; (x)) “4)

where r is a scalar denoted as controlling parameter and
P(x) is a function which imposes penalties if any given
constraints C; (x) are violated.
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The purpose of penalty functions is to force the solu-
tions to feasible (reliable) design bounds and to add a barrier
to ensure that a feasible solution never becomes infeasi-
ble. Penalty method uses a mathematical function that will
increase the fitness/objective for any given constraints viola-
tion. For instance, (2) and (3) can be written with the penalty
function for violation of the pre-defined mean and variance
values as shown in (5) and (6);

frenatty, = min (f) + f - P;

=T+ (M) 5
SConstraints
8 foenalty, = min (5f) + 8/ - P,
=46fi +4f; <|8fConstraints — 8fz|> o
8fConstraints

2.3 Algorithms for multi-objective and multidisciplinary
design optimisation

This section illustrates the algorithms used for the appli-
cation of aerodynamic/structural wing shape optimisation
of Multi-mission Maritime-Unmanned Aerial System (MM-
UAS) using HAPMOEA. The overall optimisation pro-
cess consists of four main steps as illustrated in Fig. 2
(Algorithm 1);

Step 1 Define the initial setup for design variables, design
constraints, flow conditions, fitness functions
and hierarchical topology and uncertainty design
parameters;

Generate a random initial population of wing
geometries using Algorithm 2;

Perform this step iteratively until the termination
criterion has been satisfied. During the optimisa-
tion, the analysis model includes a precise, inter-
mediate and approximate layer which is chosen via
the hierarchical topology. In this step, the fitness
functions are computed by analysis tool at each

Step 2

Step 3

layer;

Step 3-1 Create a new population by applying
mutation and recombination operations;

Step 3-2 Terminate the optimisation process if

stopping criterion is satisfied;

— when the prescribed number of
function evaluations is reached or

— when the fitness value goes below a
prescribed number or
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— when the CPU time goes over
the pre-defined value (used in this
research).

Step 4 Designate results such as best-so-far individuals,
non-dominated individuals or the so called Pareto-
front.

Figure 3 shows the algorithm for uncertainty based aero-
dynamic/structure design optimisation of MM-UAS. The
algorithm follows eight main steps to evaluate this optimi-
sation;
Step 1 Obtain the information for each candidate wing
given by the optimiser. This information includes
the aerofoil/wing design variables, node ID of hier-
archical topology, aerofoil coordinates and wing
grid size;

Define the uncertainty informations including
mean design point and off-design conditions which
are applied in Step 4. The two statistical uncer-
tainty formulas (mean and variance) are defined to
be used in Step 8;

Generate the wing geometry using aerofoil sections
and wing design variables including sweep angles,
taper ratios and the crank/break positions;
Evaluate the candidate wing using aerodynamic
analysis tools: FLO22 4 FRICTION at the vari-
ability of flight conditions. Run the PSEC and com-
pute the load carrying wing structural weight;

Step 4-1

Step 2

Step 3

Step 4

If the problem considers aerodynamic
analysis only (used in Sections 4.3 and
4.4);

If the problem considers structure analy-
sis and only if Step 4-1 is done (used in
Section 4.4);

Step 4-2

Step 5 Collect a set of aerodynamic characteristics (Cr,
Cprpw and Cpy) and wing structural weight
(Wweign:) the variability of flight conditions;
Determine constraints in terms of fitness parame-
ters from Step 5. If the constraints functions are
satisfied move to Step 8;

Calculate “Penalties” if any of the constraints not
satisfied and add them to the fitness functions;
Compute the uncertainty based fitness functions
and transfer them to Algorithm 1.

Step 6

Step 7

Step 8

3 Analysis tools for aerodynamics and structural design

Two analysis tools are considered for robust multidisci-
plinary design optimisation in this work. FLO22 (Jameson
et al. 1975) and FRICTION (Mason 1997) software are used
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to compute aerodynamic characteristics on 3D wing while
the Preliminary Structural Estimation Code (PSEC) is used
to analyse the load carrying structural wing weight. The
potential flow solver used FLO22 that is implemented for
analysing inviscid, isentropic, transonic shocked flow past

3D swept wing configurations. Friction drag is computed
by utilising the FRICTION code which provides an esti-
mate of the laminar and turbulent skin friction drag and is
suitable for use in aircraft preliminary design. Details on
the validation of FLO22 can be found in Lee et al. (2007¢)
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Fig. 3 Algorithm 2: Robust
aero-structural optimisation
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where it was shown that the results obtained by the FLO22
are in good agreement with experimental data. PSEC can
be used to estimate the wing structural weight by apply-
ing fundamental structural equations (Raymer 1999). PSEC
calculates the wing weight based on the sectional aerody-
namic forces including lift, drag, bending moment provided
by FLO22.
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4 Real-world design problems
4.1 Analysis and formulation of problems
The problem initially considers a baseline wing design of

a Multi-mission Maritime-Unmanned Aerial Vehicle (MM-
UAV). The baseline design has a generic wing similar to the
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Table 1 Wing configurations

Cranky Cranky Agr-c1 Aci-c2 Aca-1 *c1 rc2 Ar

28.12  64.06  34° 21° 21° 0.60 0.41 0.22

P-8A Poseidon (Anti-Submarine Warfare Aircraft) (Boeing
1995-2011). The wing specifications are obtained from
Boeing 737 (1999). The wing geometry parameters are indi-
cated in Table 1. The wing aspect ratio and span length are
11.57 (AR = 11.57) and 34.32 m (b = 34.32). The inboard
and outboard sweep angles are 34° (Agr_c1 = 34°) and
21° (Aci—t = 21°) respectively with dihedral angle 6°
(TCoveral = 6°). The crank position 1 is where nacelle is
located and crank 2 is assumed the middle of outboard as
shown in Fig. 4. Their locations are in percentage of semi-
span (b/2). The coordinates of the baseline aerofoil sections
at four sections (root, crankl, crank2 and tip) are obtained
from UIUC (1995-2010) as shown in Fig. 5.

A MM-UAV is a logistic long range aircraft with a mis-
sion profile illustrated in Fig. 6. The main objectives are
reconnaissance, detecting stealthy submarine and also refu-
elling other aircrafts or operating Unmanned Combat Aerial
Vehicles (UCAVs). This allows extending or continuing
the mission profile of the other aircrafts or UCAVs. For
MM-UAV mission, it initially climbs up to 41,000 ft then
cruises close to the operating area at M, = 0.82 and then
loiters to conduct its mission objectives at uncertain oper-
ating condition (M € [0.75:0.85]). Once the mission is
completed, MM-UAV cruises at My, = 0.82 and returns to
a predetermined location.

Outboard

(
! Inboard
i
]

Root
Aerofoil

Act! Crank,
iAerofoil,

| '
: Acz} Crank;
1 Aerofoil;

\Crank,
!

! il | A
'Crank; = (Half Span-Crank,) 2+Crank, T

1
|

:Span (b)

Fig. 4 Baseline wing geometry

Rool —
01+ Crank1

L L I I
a a2 04 06 o8 1

Fig. 5 Baseline aerofoil sections

The aircraft maximum take-off weight is approximately
79,000 kg with a maximum payload 20,240 kg. The mini-
mum lift coefficient requirement is 0.691 (Cr pmin = 0.691)
(baseline design). The Breguet range (7) is used to calculate
the minimum lift to drag ratio;

Voo L Whitial

R = — |In{ ———

gSFC \ D WEinal

V. L Winitiz
_ 00 Vi Initial (7)

TSFC \ D WEinal
where R is the distance flown and V., is the cruise veloc-
ity, (T)SFC represents (thrust) specific fuel consumption,
TSFC = 1;}5 “8 = 1.07 x 107%/s, g is the acceleration
of gravity (g = 9.81 m/s?), L/D is the lift to drag ratio
which is obtained by aerodynamic analysis tool, WnaxTo
is the maximum take-off weight of aircraft (Wpmaxto =
79,000 kg), Whitial is the gross weight of aircraft at the
start of cruise, Whital = Wwmaxto — 10% of Wgpe =
76,902 kg, Wgye is the fuel weight (Wgy, = 21,000 kg),
Wrina is the gross weight of aircraft at the end of cruise,
WEinal = Wamaxto — 85% of Wryel = 61,152 kg, . R =

1%872;13;)4_04 (%) In <g?:?g§> =597 (%) km.

The range of baseline aircraft is 2,728 nm which requires
a minimum lift to drag ratio of 8.46. This minimum L/D
ratio is applied as one of the inequality constraints i.e.
L/D g3 = 8.46 during the optimisation.

In terms of structural aspect, the wing load-carrying
structure (wing box) consists of the wing skin, spar and
inter-spar ribs are considered with Aluminium Alloy 2024-
T351: density (p) is 2,795 (kg/m?), ultimate compressive
strength (0Uitimate) 1S 37.965 x 10° (kgf/mz), Young’s mod-
ulus (E) 7.523 x 10° (kgf/mz), and a safety factor 1.5. It
is assumed the rib is a solid rectangular member. The wing
structure will be evaluated by the structure analysis code
(PSEC) where the weight of wing structure is calculated as;

Wwing = 2 - (Wskin + Wrib + Wspar) + Penalty

@ Springer



JrnlID 158_ArtID 705_Proof# - 19/08/2011

D.S. Lee et al.
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De Target Sub
Refueling Operating UCAV.
UCAV Command Center.

:
ine,

where a Penalty is applied when the section stress oj
obtained by the aerodynamic analysis tool is higher than the
safe ultimate compressive wing strength (1.5 - oUltimate)-

4.2 Representation of design variables

For all problems in this section, four aerofoils at root,
crankl, crank2 and tip section are considered and illus-
trated in Figures 7, 8, 9 and 10. Thickness design bounds
are; 25% of chord is considered for the upper thickness
bounds (blue triangles) and 10% for the lower thickness
bounds (red inverse triangles). Mean line design bounds
consider £5% of chord for upper (blue circles) and lower
(red circles) bounds. The aerofoils between wing sections
are interpolated by the analysis tool FLO22.

Three taper ratios and three sweep angles are considered
for the wing geometry design variables as shown in Table 2.
The wing wetted area is fixed to maintain similar fuel capac-
ity to the baseline design. The wing aspect ratio (AR) and
span length (b) will be recalculated by changing the taper
ratios and sweep angles.

In following section, two test cases have been considered,;
Test 1 Robust Multi-Objective Design Optimisation of
MM-UAS (Section 4.3)

Maintain the external wing geometry.
Replacement of aerofoil sections at root,
crankl, crank?2 and tip.

Minimise mean and variance of inverse L/D
ratio at the variability of flight conditions.

Test2 Robust Multi-Disciplinary Design Optimisation of

MM-UAS (Section 4.4)

Replacement of inboard/outboard taper ratios,
sweep angles while maintaining same wing
areas.

@ Springer

Replacement of aerofoil sections including
root, crank1, crank2 and tip.

Maximise both aerodynamic quality (aerody-
namic performance; L/D and its sensitivity)
and structural quality (wing structural weight
and its sensitivity) at the variability of flight
conditions.

4.3 Robust multi-objective design optimisation

Problem definition This test case considers the wing
aerofoil sections design optimisation of a MM-UAV using
the robust (uncertainty) design method. Instead of design-
ing a wing at a single design point, a statistic formulations;
mean and variance at off-design conditions are applied
to produce aerodynamically reliable and stable models.
The stopping criterion is based on a predefined elapsed
time (herein 150 hours) using parallelising two processors
(each has 2 x 2.0 GHz). Five off-set Mach numbers are
considered; Mo = 0.82 and 0 M, = 0.01581.

The problem considers two objectives where the fitness
functions are minimisation of discrete averaged (8) and vari-
ance (9) of the inverse of lift to drag ratio subject to four
constraints;

_ © 2
fi =min<L/D> ! ;( —2L 4 Penalty (8)
J2 = min (5 (L/D)>
1 & 1 M2, —\
= %1 Z ((L/D 5 2 (L/D)) + Penalty
&)
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Fig. 8 Mean and thickness control points at crank1 section
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Fig. 10 Mean and thickness control points at tip section

Subject to

CGeomeny: 10% < t/c < 20%,

Caerodynamics: Cp @75 = 0.691, L/ D g7 > 8.46,
CMean: f1 < 0.1008,

Cvariance: f2 < 3.0 x 1074,

where Penalty (4) is computed and added to the fitness
functions when any of following inequality constraints are
violated; if the thickness ratio (¢/c;) is higher than 20% or
lower than 10.0% of the chord so the thickness ratio should
be 10% < t/c; < 20%, if the lift to drag ratio at the mean
Mach number is lower than 8.46 so the lift to drag ratio
should be L/D; > 8.46 at mean flight condition, if the
mean and variance values for inverse lift to drag ratio are
higher than 0.1008 and 3.0 x 10~* which are obtained by
the baseline design and (5) and (6) are applied for penalty
function.

Design variables The external wing geometry is fixed
as shown in Fig. 4 and Table 1. Four aerofoil sections at
root, crankl, crank2 and tip are considered. There are 88
design variables (four aerofoil sections x (11 mean control
points + 11 thickness control points)) in total. The control
points of mean and thickness distribution are illustrated in
Figs. 7-10.

Table 2 Design variables bounds for wing geometry

Bounds  Agr_ci Aci-c2  Ac-Tr Aci A2 AT
Lower 30° 15° 15° 0.50 0.25 0.15
Upper 40° 25° 25° 0.70 0.55 0.25

@ Springer
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Implementation The FLO22+FRICTION solvers are
utilised and the following specific parameters are consid-
ered for the optimiser. The computation grid size for each
wing changes from 96 at the first layer to 68 for the sec-
ond layer (intermediate) and from 68 to 48 for third layer
(approximate). This hierarchical multi-population helps to
make a fast exploration (third layer) and fast exploitation
(first layer). (Note: The difference in accuracy between the
first and third layers is less than 5%.)

Istlayer Population size of 10 with a computational grid
of 96 x 12 x 16 cells (Node0).
Population size of 40 with a computational grid
of 68 x 12 x 16 cells (Nodel, Node2).
Population size of 60 with a computational grid
of 48 x 12 x 16 cells (Node3~Node6).

2nd layer

3rd layer

Numerical results The algorithm was allowed to run for
approximately 1,200 function evaluations and took 150 h
using two 2.0 GHz processors. The Pareto optimal set is
compared to the baseline and a single-objective result (with-
out uncertainty design technique) from Ng and Leng (2007)

Fitness Objective 1 (Mean}

as shown in Fig. 11. All Pareto members obtained by the
robust design method have lower mean and lower vari-
ance (lower sensitivity) of inverse lift to drag ratio (1/(L/D))
at variability of the flight conditions when compared to
the baseline design and the solution obtained by single-
objective design method. The inverse triangle represents
the best solution (Pareto member 1) for fitness function
1 ((1/(L/D))) while the triangle shows the best solution
(Pareto member 10) for the fitness function 2 (§(1/(L/D))).
Pareto members 2-5 are selected as compromised solutions
for further investigation and marked by red squares.

Pareto members 4 and 5 are compared to the baseline and
single-objective solution (without uncertainty design tech-
nique (Ng and Leng 2007)) in Table 3. Pareto members 4
and 5 produce 27% improvement in mean inverse lift to drag
ratio and lower variance/sensitivity. Table 3 also compares
the drag coefficient at the mean design point (Mo, = 0.82,
Crg = 0.691). Pareto members 4 and 5 produce 28% lower
drag when compared to the baseline design.

The mean and standard deviations at a range of Mach
(My = 0.82 and 0 My, = 0.01581) obtained by the base-
line design, single-objective and robust Pareto members can

Table 3 Comparison of aerodynamic performance for robust MO (note: SO optimal and ParetoM represent the solution obtained by single-

objective design method and robust Pareto member)

Description Baseline SO optimal ParetoM4 ParetoM5
1/(L/D) 0.1008 0.0824 (—18%) 0.0734 (=27%) 0.0735 (—27%)
§(1/(L/D)) 3.0 x 107 2.4 %1074 2.078 x 10~ 2.075 x 107*
Coypyuaiie 0.0695 0.0565 (—18.7%) 0.050 (—28%) 0.050 (—28%)
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Fig. 12 Mean comparison of

1/(L/ D) using CDF at ::;‘;';:’i;t
My = 0.82 and i RobustCS
oMy = 0.01581 R-PMS (PM4, 5)

CDF

also be compared using Cumulative Distribution Function
(CDF) and Probability Density Function (PDF). CDF cal-
culates the sum of area of PDF; if the candidate reaches
the value of 0.5 earlier than others, the candidate has lower
mean value. Both CDF and PDF are normalised by divid-
ing mean and standard deviations by the standard deviation
of the baseline design. Figure 12 shows the CDF obtained
by the baseline design, the optimal from single-objective
(marked as SO optimal) and the robust compromise Pareto
solutions (marked as Robust CS). It can be seen that all
solutions obtained by the single-objective and robust design
methods have lower mean inverse L/D ( f1) when compared
to the baseline design. Pareto members 4 and 5 improve the

| Baseline Design |

SO Optimal

4
Mean Inverse L/D (4 x 1/ Cpasetine = 1;& 0} X 1/ Cpiseline)

6 10

mean L/D by 27% when compared to the baseline design
while the solution obtained by the single-objective approach
improves only 18%. The standard deviation (sensitivity) can
be represented by evaluating the gradient of the line between
the CDF values of 0.25 and 0.75 (the steeper slope = the
lower sensitivity).

The PDF is plotted in Fig. 13 to have a clear sensitivity
comparison between the baseline design, single-objective,
robust design method. It can be seen that all solutions
obtained by the single-objective and robust design meth-
ods have lower sensitivity (the narrower/taller bell curve).
Pareto members 4 and 5 obtained by the robust design
method have 17% of inverse L/D sensitivity reduction when

Fig. 13 Sensitivity comparison 0.6 Baseline
of 1/(L/D) using PDF at 50 Ot
Moo = 0.82 and R p,\:.,'m
oMy = 0.01581 = ; W
= RobustCS T T yY R-PM5
SO Optimal :
0.4
Baseline
@ -17% o 1/(L/D)
g
0.2

-2

0
Normalized Mean (L x 1/ Cgoeine - 1i& i X 1/ Cgosetine)

2
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Table 4 Comparison of aerodynamic performance at a range of Mach [0.75:0.85] (note: SO optimal and ParetoM represent the solution obtained
by single-objective design method and robust Pareto member)

Description Baseline SO optimal ParetoM4 ParetoM5
1/(L/D) 0.0703 0.0582 (—18%) 0.0532 (—24%) 0.0533 (—24%)
§(1/(L/D)) 1.0 x 1073 6.0 x 10~* 47 x 107* 47 x 107
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Fig. 16 Mean comparison of ] o
1/(L /D) using CDF at —500ptimal
Moo = 0.8 and R-PM4 g
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(PM4, 5)
-24% 1/(L/D)
[
g os

 Baseline Design |

SO Optimal

2 3 4 5 6
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compared to the baseline design while the solution obtained
by the single-objective approach reduces the sensitivity
of L/D by only 10%. In other words, the robust design
method has capabilities to produce a set of solutions which
have better performance and sensitivity when compared to
the baseline design and the single-objective optimisation
method.

Figures 14 and 15 compare the drag coefficient and the
lift to drag ratio obtained by the baseline design, the single-
objective and the robust design method at a range of Mach
(M~ = [0.75:0.85]). It can be seen that Pareto members
4 and 5 have lower drag coefficient with lower sensitivity
(Fig. 14), and higher lift to drag ratio with lower sensitivity
(Fig. 15) when compared to the baseline design and optimal
solution from single-objective design.

Fig. 17 Sensitivity comparison 0.8
of 1/(L/D) using PDF at

My = 0.8 and

oMy =0.03316

Baseline

0.4

PDF

0.2

-4 2

Table 4 compares the aerodynamic quality at a range of
Mach My, = [0.75:0.85]. Pareto members 4 and 5 are more
stable not only at the mean design point but also at off-
design conditions when compared to the single optimum
and baseline designs. Pareto members 4 and 5 also pro-
duce longer range (R) 8,208 and 8,196 km these are about
35% increment in range compared to the baseline design
and 12% compared to the solution obtained by the single-
objective optimisation approach. The benefits of introduc-
ing an robust design approach in the optimisation design
process are producing better acrodynamic performance with
less sensitivity at all Mach numbers.

Figures 16 and 17 compares aerodynamic quality (M, =
0.8 and oM, = 0.03316) based on the mean and vari-
ance of inverse L/D shown in Table 4 using CDF and PDF.

——Baseline
=S50 Optimal
- R-PM4
R-PM5

-31% o1/(LD)

[ 2 ) 4

Normalized Mean (4 x 1/ Cgasetine - Ui& O; X 1/ Cgoxetine)
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Figure 16 shows that the solutions (marked as Robust CS
(PM4,5)) obtained by the robust design method have 24%
lower mean inverse L/D when compared to the baseline
design. Figure 17 shows that the robust solutions reduce
L/D sensitivity by 31% respect to the variability of Mach
numbers when compared to the baseline design. One thing
can be noticed is that the robust solutions optimised at
My = [0.8:0.84] can maintain their robustness even at
wider off-design conditions My, = [0.75:0.85].

f AeroPerform_Mean =

K 2
1 1 M
In (? 2 @ioy Mog)‘

f AeroPerform_Variance

| 1 M —\
In = El <_<L/Dl-) iz _<L/D>>

[

L . o Jf2=min(1/5Q)
4.4 Robust multidisciplinary design optimisation
= (Weight_Mean + Weight_Variance) + Penaltysg
Problem definition This test case considers the multidis- © 5 (11)
ciplinary (aero-structures) design optimisation of the win 1 i
P v ( . ) g op . . & fWeight_Mean = = Z (WWing,-) ;omz
planform and aerofoil sections for a generic MM-UAV using K — M
the robust design method with aerodynamic and structural
constraints. The problem considers two objectives to max-
imise both aerodynamic and structural qualities in terms of SWeight_Variance
mean and variance at the variability of Mach numbers i.e. 1
My = 0.82 and oMy = 0.01581. The stopping crite- = X R 2
rion is based on a predefined elapsed time (herein 150 h) In (ﬁ > (WWingf % — ng> )
using parallelising two processors (each has 2 x 2.0 GHz). i=1 o
The fitness functions use a logarithm scale due to a large Subject to
difference between a mean value and its variance as shown
in Table 3. The fitness functions are shown in (10) and (11) CGeometry : 10% < t/c < 20%,
subject to five constrains;
CAerodynamics : CL@MiDQ = 0.691, L/D@m > 8.46,
fi=min(1/AQ) Cstructures : 0i < 1.5 - 0Ultimate
= (AeroPerform_Mean + AeroPerform_Variance) Cag : f1 £0.560,
+ Penalty 4 o (10)  Csp: f» <3.8118
Fig. 18 Pareto optimal front for T T T T T T T
uncertainty based . Dareto Set (10Members)
ramy ! . Best for Ojective 1(Pareto Member 1) v
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3
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Table 5 Aero-structural quality

comparison for robust Objectives Baseline ParetoM1 ParetoM5 ParetoM6 ParetoM 10
multidisciplinary design
optimisation (note: ParetoM 1/AQ 0.556 0.537 0.5406 0.5408 0.543
represents current Pareto (—3.4%) (—=2.7%) (—=2.7%) (—2.3%)
member)
1/5Q 2.949 2.608 2.539 2.537 2.526
(—=11.5%) (—14.0%) (—14.0%) (—14.3%)

where aerodynamic and structural Penalty functions are
computed and added to the fitness functions when any of
following inequality constraints are violated; if the thick-
ness ratio (t/c;) is higher than 20% or lower than 10.0% of
the chord so the thickness ratio should be 10% < t/c¢; <
20%, if the lift to drag ratio at the mean Mach num-
ber is lower than 8.46 so the lift to drag ratio should be
L/D; > 8.46 at mean flight condition, if the section stress
(07) obtained by the aerodynamic analysis tool is higher than
the safe ultimate compressive strength so the section stress
should be o; < 1.5 - ouUltimate. Penaltysg = Wwing r:;‘z:j?
(where npailed and nro represent the number of failures
out of total structural load sections (semi-span): 30), if the
inverse aerodynamic and structure quality values are higher
than 0.560 and 3.8118 so they should be lower than 0.560
(f1 <0.560) and 3.8118 (f, < 3.8118) which are obtained

by the baseline design.

Design variables Four aerofoil sections at root, crankl,
crank2 and tip are considered. There are 88 design vari-
ables (four aerofoil sections x (11 mean control points +
11 thickness control points)) for aerofoil section design. The
control points of mean and thickness distribution are illus-
trated in Figs. 7-10. Five design variables including in and
outboard sweep angles (Agr_c1, Aci—7), taper ratios at
crankl (Acyp), crank2 (A¢2) and tip (A7) sections are con-
sidered for the wing geometry design. These values for the
design bounds are shown in Table 2. Ninety three design
variables are considered in total.

Implementation The FLO22+FRICTION solvers are uti-
lized for aerodynamics and PSEC is used to estimate the

load carrying structural wing weight. The following specific
parameters are considered for the optimiser. The computa-
tion grid size for each wing changes from 96 at the first
layer to 68 for the second layer (intermediate) and from 68
to 48 for third layer (approximate). This hierarchical multi-
population helps to make a fast exploration (third layer) and
fast exploitation (first layer).

Istlayer Population size of 10 with a computational grid
of 96 x 12 x 16 cells (Node0).

Population size of 40 with a computational grid
of 68 x 12 x 16 cells (Nodel, Node?2).
Population size of 60 with a computational grid

of 48 x 12 x 16 cells (Node3~Node6).

2nd layer

3rd layer

Note: The difference in accuracy between the first and
third layers is less than 5%.

Numerical results The algorithm was allowed to run for
approximately 1,100 function evaluations and took 150 h
using two 2.0 GHz processors. The resulting Pareto front
is shown in Fig. 18. The Pareto front is zoomed in section
A. It can be seen that all Pareto (non-dominated) solutions
produce better aerodynamic and structural quality when
compared to the baseline design. The black inverse trian-
gle represents the best solution (Pareto memberl) for the
aerodynamic quality while red normal triangle shows the
best solution (Pareto member 10) for the structural qual-
ity. The red squares indicate compromised solutions (Pareto
members 5 and 6).

Pareto members 1 (best solution for fitness 1: aero-
dynamic quality), 5, 6 and 10 (best solution for fitness
2: structural quality) are selected and compared to the

Table 6 Optimal wing

configurations obtained by Configurations Baseline ParetoM 1 ParetoM5 ParetoM6 ParetoM 10
robust multidisciplinary
optimisation (note: ParetoM b 34.32 37.45 36.84 36.77 36.92
represents current Pareto AR 11.57 14.03 13.58 13.53 13.64
member) Ar-ci 34.03° 36.23° 36.04° 36.05° 36.08°

Aci-1 21.38° 22.55° 22.27° 22.25° 22.28°

Act 0.60 0.57 0.56 0.56 0.56

Ac2 0.41 0.40 0.42 0.42 0418

AT 0.22 0.222 0.222 0.222 0.222
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Fig.19 Optimal wing geometries obtained by robust multidisciplinary
design optimisation

baseline design in terms of aerodynamic and structural qual-
ity in Table 5. Pareto members 5 and 6 are selected for fur-
ther evaluation as compromised solutions. Pareto members
5 and 6 produce only 3% improvement in aerodynamic qual-
ity while producing 14% weight reduction for the structural
quality.

Table 6 and Fig. 19 compare the wing geometry of Pareto
members and the baseline design. It can be seen that wing
aspect ratio and span length are increased by 18% and 8%
respectively to maintain the wing wetted area. The taper
ratios at crank2 and tip indicate similar value of the base-
line design while 6.6% decrement of taper ratio is observed
at crankl. All Pareto members are swept back 1-2° more
when compared to the baseline design for the sweep angles.
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Mach for robust multidisciplinary design

Figures 20, 21 and 22 compare the drag coefficient, the
lift to drag ratio and the wing weBight at a range of Mach
(Ms = [0.75:0.85]) obtained by this current optimisa-
tion (aero-structures: denoted by Robust-AS), the results
from robust single-disciplinary (aerodynamics: denoted by
Robust-A) approach (Section 4.3) and the baseline design.
It can be seen that both the robust aero-structural and
robust aerodynamic design methods produce lower drag and
higher L/D when compared to the baseline design. Even
though the robust aerodynamic solutions from Section 4.3
produce lower drag and higher L/D along the Mach num-
bers, the robust aero-structural solutions produce lower
wing weight and lower weight sensitivity as shown in
Fig. 22.

3000 T T T T T T T

cD

0.75 0.76 077 o.7e 079 o8 0.81 o082 0.83 0.84 0.85
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Fig. 20 C D vs. Mach for robust multidisciplinary design optimisation
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Table 7 Optimal wing configurations obtained by robust multidisciplinary optimisation (note: RA-PM and RAS-PM represent Pareto members

obtained in Sections 4.3 and 4.4)

Quality Baseline RA-PM4 RA-PM5 RAS-PM5 RAS-PM6
Aerodynamic 0.5213 0.4705 0.4705 0.4935 0.4941
quality (—9.8%) (—9.7%) (—5.3%) (—5.2%)
Structural 2.8768 2.8082 2.8081 2.5111 2.5109
quality (—2.4%) (—2.4%) (—13.0%) (—13.0%)
Table 7 also compares the aerodynamic and structural ~ References

qualities obtained by the baseline design, the robust single-
disciplinary (Robust-A: Section 4.3) and the robust mul-
tidisciplinary (Robust-AS) at a range of Mach (M, =
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indicate a higher aerodynamic quality while their struc-
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baseline design while having lower wing weight and weight
sensitivity when compared to both the baseline design and
the robust aerodynamic solutions.

5 Conclusion

In this paper, the robust design method with statistical
constraints coupled to multi-objective evolutionary algo-
rithms has been demonstrated and it is implemented to
solve single-disciplinary multi-objective and multidisci-
plinary design optimisation for Unmanned Aerial System.
Numerical results show that the solutions obtained by the
robust design approaches with statistical constraints have
improvement on both aerodynamic and structural design
quality in terms of their reliable performance and its robust-
ness with respect to uncertainty design parameters. In
addition the method offers a set of reliable designs to the
design engineer for solving particularly aerospace single or
multipoint/multidisciplinary design problems.

Future test will focus on the 3D practical test using high
fidelity analysis tools and the use of game-strategies such as
a hierarchy Nash and Hybrid-Game (Global/Pareto + Nash)
to save computational cost.

Acknowledgments The authors acknowledge E. J. Whitney and M.
Sefrioui Dassault Aviation for fruitful discussions on Hierarchical EAs
and also their contribution to the optimisation procedure. We are grate-
ful to A. Jameson and S. Obayashi for accessing the FLO22 full
potential flow software.

Boeing—defence, space & security: P-8A Poseidon (1995-2011).
http://www.boeing.com/defense-space/military/p8a/index.html

Clarich A, Pediroda V, Padovan L, Poloni C, Periaux J (2004) Appli-
cation of game strategy in multi-objective robust design opti-
misation implementing self-adaptive search space decomposition
by statistical analysis. In: European congress on computational
methods in applied sciences and engineering (ECCOMAS 2004),
Jyvaskyla Finland, pp 24-28

Ganguli R, Jehnert B, Wolfram J, Voersmann P (2007) Optimal loca-
tion of centre of gravity for swashplateless helicopter UAV and
MAV. Aircr Eng Aerosp Technol 79(4):335-345

Hansen N, Ostermeier A (2001) Completely derandomized self-
adaptation in evolution strategies. Evol Comput 9(2):159—
195

Hansen N, Miiller SD, Koumoutsakos P (2003) Reducing the
time complexity of the derandomized evolution strategy with
covariance matrix adaptation (CMA-ES). Evol Comput 11(1):
1-18

Jameson A, Caughey DA, Newman PA, Davis RM (1975) NYU tran-
sonic swept-wing computer program—FLO22. Langley Research
Center

Koza J (1994) Genetic programming II. Massachusetts Institute of
Technology, Cambridge

Lee DS, Gonzalez LF, Srinivas K, Periaux J (2007a) Multi-objective
robust design optimisation of transonic civil transport using an
evolutionary approach with uncertainty. In: 7th world congress on
structural and multidisciplinary optimisation (WCSMO), COEX,
Seoul, Korea, 21-25 May 2007

Lee DS, Gonzalez LF, Whitney EJ (2007b) Multi-objective, mul-
tidisciplinary multi-fidelity design tool: HAPMOEA—user
guide

Lee DS, Gonzalez LF, Srinivas K, Auld DJ, Wong KC (2007c) Aerody-
namic shape optimisation of unmanned aerial vehicles using hier-
archical asynchronous parallel evolution evolutionary algorithm.
Int J Comput Intell Res (IJCIR) 3(3):231-252

Lee DS, Gonzalez LF, Srinivas K, Periaux J (2008a) Robust evolu-
tionary algorithms for UAV/UCAYV aerodynamic and RCS design
oPtimisation. Int J Comput Fluids 37(5):547-564. ISSN 0045-
7930

Lee DS, Gonzalez LF, Srinivas K, Periaux J (2008b) Robust design
optimisation using multi-objective evolutionary algorithms.
Comput Fluids (Special issue) 37(5):565-583. ISSN 0045-7930

Lee DS, Gonzalez LF, Periaux J, Srinivas K (2009) Evolutionary
optimisation methods with uncertainty for modern multidisci-
plinary design in aeronautical engineering, notes on numerical
fluid mechanics and multidisciplinary design (NNFM 100), 100
volumes NNFM and 40 years numerical fluid mechanics, Ch. 3.
Springer, Heidelberg, pp 271-284. ISBN 978-3-540-70804-9

Mason W (1997) Applied computational aerodynamics. Page appendix
D: programs, 21 January 1997

Michalewicz Z (1992) Genetic algorithms + data structures = evolu-
tion programs. In: Artificial intelligence. Springer, New York

@ Springer


http://www.boeing.com/defense-space/military/p8a/index.html

JrnlID 158_ArtID 705_Proof# - 19/08/2011

D.S. Lee et al.

Ng TTH, Leng GSB (2007) Design of small-scale quadrotor unmanned
air vehicles using genetic algorithms. Proc Inst Mech Eng G J
Aerosp Eng 221:893-905. ISSN 0954-4100

Raiagopal S, Ganguli R (2008) Conceptual design of UAV using
Kriging based multi-objective genetic algorithm. Aeronaut J
112(1137):653-662

Raymer DP (1999) Aircraft design: a conceptual approach, 3rd edn.
AIAA Education Series

Roos D, Bucher C (2005) Robust design and reliability-based design
optimization. In: NAFEMS seminar: optimization in structural
mechanics, 7-28 April 2005, Wiesbaden, Germany

Sefrioui M, Périaux J (2000) A hierarchical genetic algorithm using
multiple models for optimization. In: Schoenauer M, Deb K,
Rudolph G, Yao X, Lutton E, Merelo JJ, Schwefel H-P (eds)
Parallel problem solving from nature, PPSN VI. Springer, Berlin,
pp 879-888. ISBN 978-3-540-41056-0

Taguchi G, Chowdhury S (2000) Robust engineering. McGraw-Hill,
New York (2000)

Tang Z, Periaux J, Desideri J-A (2005) Multi criteria robust design
using adjoint methods and game strategies for solving drag opti-
mization problems with uncertainties. In: East west high speed

@ Springer

flow fields conference 2005, Beijing, China, 19-22 October 2005,
pp 487-493

The Boeing 737 technical specifications (1999). http://www.b737.org.
uk/techspecsdetailed.htm

UIUC Applied Aerodynamics Group: UIUC airfoil coordinates
database (1995-2010). http://www.ae.uiuc.edu/m-selig/ads.html

Van Veldhuizen DA, Zydallis JB, Lamont GB (2003) Considerations
in engineering parallel multiobjective evolutionary algorithms.
IEEE Trans Evol Comput 7(2):144-173

Vickers M, Robert M (2001) Future warfare 20XX wargame series:
lessons learned report. Center for Strategic and Budgetary Assess-
ments (CSBA)

Wakunda J, Zell A (2000) Median-selection for parallel steady-state
evolution strategies. In: Schoenauer M, Deb K, Rudolph G, Yao
X, Lutton E, Merelo JJ, Schwefel H-P (eds) Parallel problem solv-
ing from nature—PPSN V1. Springer, Berlin, pp 405-414. ISBN
978-3-540-41056-0

Wang W, WuJ (YT), Lust RV (1997) Deterministic design, reliability-
based design and robust design. In: Proceedings of MSC1997
aerospace users’ conference, #2597. www.mscsoftware.com/
support/library/conf/auc97/p02597.pdf


http://www.b737.org.uk/techspecsdetailed.htm
http://www.b737.org.uk/techspecsdetailed.htm
http://www.ae.uiuc.edu/m-selig/ads.html
http://www.mscsoftware.com/support/library/conf/auc97/p02597.pdf
http://www.mscsoftware.com/support/library/conf/auc97/p02597.pdf

	Robust multidisciplinary UAS design optimisation
	1 Introduction
	2 Methodology
	2.1 Hierarchical Asynchronous Parallel Multi-Objective Evolutionary Algorithms (HAPMOEA)
	2.2 Robust/uncertainty design method
	2.3 Algorithms for multi-objective and multidisciplinary design optimisation

	3 Analysis tools for aerodynamics and structural design
	4 Real-world design problems
	4.1 Analysis and formulation of problems
	4.2 Representation of design variables
	4.3 Robust multi-objective design optimisation
	4.4 Robust multidisciplinary design optimisation

	5 Conclusion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


