Advances in Engineering Software 64 (2013) 1-10

Contents lists available at SciVerse ScienceDirect fovances iw
ENGINEERING
SOFTWARE

Advances in Engineering Software St

journal homepage: www.elsevier.com/locate/advengsoft 4

An object-oriented graphics interface design and optimization software
for cross-sectional shape of automobile body

Wenjie Zuo *

@ CrossMark

College of Mechanical Science and Engineering, Jilin University, Changchun 130025, PR China

ARTICLE INFO

ABSTRACT

Article history:

Received 11 December 2012

Received in revised form 18 March 2013
Accepted 13 April 2013

Available online 8 June 2013

Keywords:
Automobile body
Thin-walled beam
Cross section
Shape optimization
Genetic algorithm

At the conceptual design stage, automobile body is evaluated by simplified frame structure, consisting of
thin-walled beams (TWBs). In the automobile practice, design engineers mostly rely on their experience
and intuition when making decisions on cross-sectional shape of TWBs. So this paper presents a cross-
sectional shape optimization method in order to achieve a high stiffness and lightweight TWB. Firstly,
cross-sectional property formulations is summarized and reviewed. Secondly, we build up a shape opti-
mization model to minimize the cross-sectional area and satisfy the stiffness and manufacturing
demands. The objective and constraints are nonlinear polynomial functions of the point coordinates
defining the cross-sectional shape. Genetic algorithm is introduced to solve this nonlinear optimization
problem. Thirdly, object-oriented programming and design patterns are adopted to design and imple-
ment the software framework. Lastly, numerical example is used to verify the presented method. This
software, “SuperBeam” for short, is released for free and does speed up the conceptual design of automo-

Object-oriented programming bile body.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Thin-walled beams (TWBs) belong to a kind of lightweight
structures, owing to the high stiffness to mass ratio. At the concep-
tual design stage of automobile body, no sufficient computer-
aided-design (CAD) geometry data is available; moreover, the level
of detail is not yet necessary in the design process. Therefore, the
body-in-white (BIW) structure is usually evaluated by a simplified
thin-walled frame consisting of TWBs with complex shape section
[1], as shown in Fig. 1. The simplified model concentrates on its
specific merit to offer early-stage predictions about the global per-
formances of mass and stiffness for BIW.

TWBs of automotive body are fabricated from several press-
formed metal sheets, which are spot-welded together along two
edges [2]. These TWBs mainly carry on bending and torsional load-
ings so automobile design engineers are eager to maximize the sec-
ond and torsional moments of area of cross section, respectively.
On the other hand, the cross-sectional area should be minimized
to reduce the mass of TWBs. In the automobile practice, design
engineers mostly rely on their experience and intuition when mak-
ing decisions on cross-sectional shape. So the most important is-
sues in the above conceptual design stage are to determine the
optimal cross-sectional shapes of these TWBs. Mathematically, it
is a typically optimization problem.
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To date, the subject of cross-sectional optimization has
achieved some progresses. Two kinds of optimization methods,
i.e. topology and shape optimization are developed, respectively.

Kim and Kim [3] presented the first successful applications of
the topology optimization for the design of TWB’s section. In suc-
cession, they took into account a distortional rigidity to optimize
the topological shape of cross section [4]. Griffiths and Miles [5]
adopted genetic algorithm (GA) to solve the topology optimization
of cross section. Liu et al. [6] formulated a section topology optimi-
zation method based on an anisotropic beam theory considering
sectional warping of and coupling among deformations. Vinot [7]
optimized the shape of thin-walled structures having a beam-like
dynamic behavior. Apostol [8] developed a general approach for
detailed analysis and design optimization of arbitrary cross-sec-
tions of truss/beam built up structures. Previous studies have
mostly focused only on the reduction of cross-sectional area and
little attention has been paid to the issue of whether an effective
method is able to consider the fabricating demands of metal sheet,
such as extrusion or stamping constraints.

Much effort, Yoshimura et al. [2] have been devoted to include
more manufacture demands. They proposed a cross-sectional
shape generating method to achieve the cross-sectional properties
preassigned by design engineers. The cross-sectional shape-gener-
ating problem for stamped metal sheets is formulated as a multi-
objective optimization problem. Cross-sectional properties (cross-
sectional area A, second moments of area I, and I, torsional rigidity
J, etc.) were all regarded as objective functions. However, in the
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automobile practice, the demands of second moments of area and
torsional rigidity are known. Design engineers commonly change
the cross-sectional shape to minimize the cross-sectional area un-
der those demands. The method proposed in this paper fulfills
these needs. In addition, another aim is to develop an engineering
software, named “SuperBeam”, which will rapidly design and opti-
mize the cross-sectional shape of TWB.

The outline of this paper is organized as follows: firstly, cross-
sectional property formulations are summarized and reviewed;
secondly, optimization model with fabricating constraints is built
up and solved by GA; thirdly, the framework of this software is de-
signed using object-oriented programming technology and design
patterns; lastly, numerical example is introduced to verify the pre-
sented method.

2. Summary of cross-sectional property formulations

Fig. 2 shows a sample of the cross section of a TWB. As demon-
strated in the figure, three press-formed sheet metal parts are spot-
welded together along two edges. Every sheet can be regarded as
consisting of rectangle segments. So the cross-sectional area is

A= 2”:/\,- = ilm (1)
i=1 i=1

where n is the number of segment; [; and t; are, respectively, the
length and thickness of the ith segment.

The centroid of the section is the weighted average of the cen-
troid of segments, i.e.

1<& 1<
cy = a E viAi and ¢, = a E ZiAi (2)
i=1 i=1

where (Y, z.;) represents the coordinate of the middle center of the
ith segment, as shown in Fig. 2.

Then, second moments of area I, I, and product moment of area
1,, with respect to the centroid may be, respectively, defined as

/ (yci9 zci)
o
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Fig. 2. A sketch of shape optimization model of cross section.
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where 0; is angle between the positive y axis and the ith segment.
From I, I, and I, principal moments of area are derived that

(Iy+1)+ /5y - L) + I, (6)
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1
2

1 1
Imin = 5 Iy + 1) =[5 (b = 1)” + I, @

The procedure for calculating the torsional rigidity depends on the
cross-sectional shape. The torsional rigidity of open section and sin-
gle cell are given by

NO| =

o
.]open = Zlitia (8)
i=1
4A;
]closed = f?% (9)

where o and c are the number of segments for open section and sin-
gle cell, respectively; Ag is area enclosed by the mean perimeter.

When a section consists of ng open sections and one single cell,
the torsional rigidity can be written as

.] = nﬂjopen +]closed (10)

On the other hand, when a reinforcement segment exists as shown

in Fig. 2, the torsional rigidity of double cell is calculated as follows

(2]:

4{ AL+ L /) + 28 AL [t + AT (Luftu + Lo 6) }
LyLi/tut; + LL./tity + L L, /ety

Jdouble = 11 )
where A, is the area enclosed by the upper sheet and reinforcement,
A, is the area enclosed by the lower sheet and reinforcement, L,, L;,
and L, are, respectively, the length of the upper sheet, lower sheet
and reinforcement; t,, t; and t; are, respectively, the thickness of
the upper sheet, lower sheet and reinforcement.

Furthermore, when a section consists of no open sections and
one double cells, the torsional rigidity can be expressed as

J= nOJopen +Jdouble (12)
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(c) Single cell with two opens
J from Eq. (10)

(a) Open
J from Eq. (8)

(b) Single cell
J from Eq. (9)

(d) Double cells
J from Eq. (11)

(e) Double cells with two opens
J from Eq. (12)

Fig. 3. Five types of cross sections and their formulations of torsional rigidity J.

In short, the formulations of second moments of area I, and I, for
the five types of cross sections are the same, i.e., Egs. (3) and (4),
respectively. However, the formulations of the torsional rigidity
for the five types of cross sections are totally different, as shown
in Fig. 3.

3. Cross-sectional shape optimization model using GA

In the structural design of automobile body, when the stiffness
of automobile body meets design requirements, the weight of that
should be as light as possible. Thus, second moment of area and
torsional rigidity of every beam section should be greater than
specified value; besides, the cross-sectional area is minimal.

To formulate the shape generation problem as an optimization
problem the cross-sectional shape of the metal sheets is repre-
sented using a number of shape control points, as shown in
Fig. 2. Points on section are classified as moving points and fixed
points. The coordinates of moving points are represented as (y;, z;)
for i=1,2,3,...,m, where m indicates the number of moving
points. Moving points are the design variables of the optimization
problem, but fixed points, determined by geometric layout require-
ments, are constant during the optimization process. Take the A-
pillar of a vehicle as an example to explain the definition of fixed
points. The A-pillar is the first pillar of the passenger compartment,
generally enclosing the windscreen. The A-pillars play an impor-
tant part in protecting the occupants in a roll-over incident. Hence
the width of A-pillars has been increased over the past years. How-
ever this has caused the opposite effect of increasing the size of
blind spots in the driver’s vision. Consequently, the width of A-pil-
lar is usually controlled by two fixed points. In addition, the num-
ber of moving points is also fixed and not a variable during the
optimization process.

Moreover, difficulty arises from manufacture demands. Since
the sheet metal is formed using an extrusion process, draft angle
must be larger than 90°, as shown in Fig. 4a; when assembling
sheets for spot welding, the intersection of sheets has no practica-
bility as shown in Fig. 4b. These two constraints must not be vio-
lated during the optimization process.

So, the mathematical form of the shape optimization problem
for cross section may be defined as

Bad 7[)\!‘:1& Angle <90°r

(a) Extrusion Constraint

n
minA = lit; (13)
i=1

Yimin < Yi < Yimax
Zimin < Zi < Zimax i= 1a273~,"'7nmp
Iy = Iy,allowuble

s.t. Iz = Iz,allowable (14)
J = Jattowabte
¢j = ¢allowable = TC/ZJ = ]72731 co, Ndg

Tl,‘sp =0

where Yimin and y;max are, respectively, the lower and upper bounds
of y coordinate for the ith point; z;yi, and ziyax are, respectively, the
lower and upper bounds of z coordinate for the ith point; np), is the
number of moveable points; Iy aowables Izatowable aNd Jarowabte are,
respectively, the specified lower bound of second moment of area
and torsional rigidity; ¢; is the jth draft angle and ny4, is number
of draft angles that can potentially be less than 90°; n;, is the num-
ber of intersection points.

Egs. (13) and (14) are nonlinear optimization problem. So far,
the effective strategies for this problem are the sequential linear
programming (SLP) and evolutionary algorithms (EAs). EA includes
GA, particle swarm optimization and ant colony algorithm, etc. SLP
needs the following key steps: linear approximation, sensitivity
analysis, move limit adjustment [9]. However, the sensitivity anal-
ysis of responses I, I, and J with respect to design variables gov-
erned by Egs. (2)-(11) is too complicated to derive the explicit
expressions. More importantly, manufacture constraints, as shown
in Fig. 4, may not be explicitly expressed by formulas, so sensitivity
analysis from responses of draft angle and intersection with re-
spect to design variables cannot be obtained. In addition, the oscil-
lations of objective function may occur if the move limit is not
appropriately controlled. In general, SLP is more efficient and faster
for nonlinear optimization than EA but sensitive to the initial de-
sign variables and easily trapped into local and infeasible solution.
GA is a classical EA, inspired by natural evolution, hereditary and
survival of the fittest. It is particularly effective for discontinuous,
non-linear, global and paralleled optimization problems [10]. Con-
sequently, we choose GA to overcome the above difficulties in this

Bad

Intersection Point

(b) Assembly Constraint

Fig. 4. Disallowed manufacture constraints for shape optimization of cross section.
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Fig. 6. Static class diagram of the cross-sectional design.

paper. Although GA requires numerous iterative analyses in
achieving convergence, Eqs. (1)-(11) are all polynomial whose
computational cost is very small. Therefore, GA is appropriate for
this optimization problem.

To evaluate the fitness of GA, the constrained problem should
be converted to an unconstrained problem. Hence, a penalty func-
tion is added to the objective function, which considers the nor-
malization of violated constraints with respect to the allowable
constraints. The penalty functions can be written as

(1,) = {Cly(ly.allowable —L)/1, aitowabte for I, < Iy atiowable (15)

0 otherwise

where ¢, is a penalty coefficient, assigned the value 103. The math-
ematical expressions of penalty functions for L, J, and ¢; constraints
are similar to Eq. (15). And it is should be noted that the penalty
function of the number of intersection points n;, can be defined as

Cisp X Nigp  fOr Ny > 0

1
0 for ni, =0 (16)

p(nip) = {

where ¢, is a penalty coefficient, assigned the value 10%. Cisp 1S
larger than ¢, it is because intersection points must be
avoided in extrusion process. Consequently, the fitness of GA is
evaluated using roulette section method [10] by the following
equation

. 1 1
F =_ =
itness i A/Bo+p(y) +pl) +p() + S }'.’j"lp(qu) +p(Nisp)

(17)

where A is the initial cross-sectional area to normalize A.

When AfAg<1, p(l,)=0, p(I,)=0, p(J)=0, p(e;)=0 and
p(nisp) =0, an improved solution is obtained. In this case, f< 1. So
the sufficient condition to obtain improved solution is
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Fig. 8. Static class diagram of the cross-sectional shape optimization.

Fitness = l >1

f

This advantage is verified in the following numerical example.

(18)

4. Object-oriented software development

The object-oriented programming (OOP) may be regarded as a
collection of interacting objects, as opposed to the conventionally
procedure-oriented programming. In OOP, each object is capable
of receiving messages, processing data, and sending messages to

other objects, such as applications in engineering software devel-
opment [11-13]. The object-oriented paradigm is composed of
the three major virtues: encapsulation, inheritance and polymor-
phism. These advantages help improving the software code reus-
ability, modifiability, maintainability. In this paper, .NET
framework is selected as the development platform.

SuperBeam is an integrated graphics design, analysis and opti-
mization environment that consists of three main parts: the solver
of cross-sectional property, the cross-sectional shape design form
and the cross-sectional shape optimization. The graphical user
interface (GUI) has been mostly developed using Visual Basic.NET



6 W. Zuo/Advances in Engineering Software 64 (2013) 1-10

# Thin—-Walled Section Shape Optimization

s = Variables Definition
Spot Wel v
_ —_— — ) — Show Design Regi
Reinforcement / 008000 006 5 e ledale i . chin Y eaas ] w‘
5 3 Or, . Points Lower | Initial Y | Upper Lower | Initial Z | Upper Optimal o
Sp“l“se::ﬂ“ ,'"”4:/,, CellII Thickness No. Sl Bound | Coordinate Bound Bound Coordinate Bound Solution |
oo — » 1 Noveable ~| =55 -46 -37 =5 i 7
Movy Poin Fi ol
Ui colpniihl 3 | Noveable ~| -42 -33 -24 3 9 15
Optimization Model
4 | Noveable ~| -31 -22 -13 16 22 28
Hin Section Area 5 | Noveable ~| -9 0 9 20 26 32
Initial Area [937.77 6 | Noveable ~| 7 16 25 18 24 30
7 | Noveable ~| 17 26 35 2 8 14
Optimal Area 9 | Noveable ~| 33 42 51 -9 -3 3
I 10 | Noveable ~| =55 -46 -37 -6 0 6
MJ ¢ Trertial 12 | Noveable ~| -40 51 22 32 26 20
oment of nertia i 13 | Noveable ~| 10 -1 8 -40 -34 28 B
Optimal Solution Constraints 14 Hoveable LI 18 o7 36 33 —o7 91
Ix = > |d86455.78 16 | Noveable ~| 33 42 51 -8 -2 4
18 | Moveable ~| -32 -23 -14 -15 -9 -3
LS > |eenme 19 | Noveable ~| -20 =i 2 22 -16 N
=] > [p12990.44 < LDl
Genetic Algorithm Show Optimal Section Shape
Others Generation |20 Population |40 Select Generation ’—_I
Acute Angles Cross Points Crossover Probability 0.7
5 ey Solve
oge Mutation Probability L
Model Definition el Solve and Show
Fig. 9. The configurations of the cross-sectional optimization software.
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Fig. 10. Initial cross section with variable boundary.

2008 for the design of form, menu, tool bar, dialog boxes and so on.
Graphics display of cross section is implemented using Microsoft’s
graphics device interface (GDI+). Solver and GA optimization are
programmed by OOP. The Unified Modeling Language (UML) is
used to draw the classes and their relationships such as generaliza-
tion, dependency, aggregation and association. Appropriate design
patterns are identified and introduced in the framework design to
promote communication and system expansion. In order to pres-
ent class diagrams clear, the following simplifications are used:
(1) Only the most important member variables and methods (func-
tions) of a class are shown; (2) The arguments and return value
types of a method and the constructor of a class are omitted. (3)

4.1. Solver for cross-sectional property

All the formulations in Section 2 are calculated according to the
different types of cross sections. Five types of cross sections are
inherited from the virtual base class Cell, and the strategy design
pattern [14] is introduced to define a family of algorithms solving
cross-sectional properties, encapsulates each one, and dispatch
polymorphic behavior, as shown in Fig. 5. Every cross section has
its own torsional rigidity Eqs. 8, 10, and 11. If we do not adopt poly-
morphism programming of OOP, we have to instantiate these de-
rived classes at client. However, strategy design pattern lets the
torsional rigidity vary independently from derived classes. There-
fore, users are only familiar with the CrossSection class and the
reusability of codes is improved. Moreover, the relationship of Cell,
Sheet, Segment and Point classes are also described in Fig. 4. Sheet
class presents the upper sheet, lower sheet or reinforcement, de-
picted in Fig. 2. Every sheet aggregates several segment objects,
which consists of two point objects, respectively. CrossSection class
is next instantiated in the cross-sectional design windows form.

4.2. Cross-sectional design based GDI+

GDI+ is applied to develop a 2D CAD system, so points and lines
are drawn to enclose the cross-sectional cells. GDI+ allows us to
create device-independent applications without worrying about
the hardware. Lots of the GDI+ classes, including Pen, Brush, Point,
Rectangle, Ellipse, Graphics and Bitmap, are referenced in this soft-
ware. Fig. 6 illustrates the architecture of cross-sectional design.
The GUI class is an aggregation of the Render2D class and Cross-
Section class: the former is responsible for drawing points and
lines to render the cross-sectional shape; the latter receives the
data from drawing board, identify the cross-section types and call
the corresponding solver in Fig. 5. The GUI for cross-sectional de-
sign, data management and results report are integrated into one
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Table 1
Design variables and optimal solution (mm).

Points No. Style Y coordinate Z coordinate Optimal solution
Lower bound Initial Upper bound Lower bound Initial Upper bound Y coordinate Z coordinate
1 F - —47 - - -2 - —47 -2
2 F - —40 - - -2 - —40 -2
3 M —45 -36 -27 2 10 18 -36.3 14.9
4 M -37 -28 -19 20 28 36 -34.1 24.6
5 M -17 -8 1 24 32 40 1.0 33.8
6 M 7 16 25 22 30 38 19.2 323
7 M 24 33 42 8 16 24 345 18.8
8 M 25 34 43 -10 -2 6 407 -3.8
9 F - 41 - - -7 - 41 -7
10 F - 46 - - -7 - 46 -7
11 F - —40 - - -2 - —-40 -2
12 M —47 -38 -29 -37 -29 -21 —38.9 —24.6
13 M -22 -13 -4 —43 -35 -27 -15.6 -39.9
14 M 10 19 28 —-41 -33 -25 15.2 -36.4
15 M 22 31 40 —24 -16 -8 371 —-13.2
16 F - 41 - - -7 - 41 -7
17 F - —40 - - -2 - —40 -2
18 M —-34 -25 -16 3 11 19 -29.9 11.8
19 M -23 -14 -5 3 11 19 -16.0 113
20 M -20 -11 -2 -19 -11 -3 -2.6 -4.0
21 M -11 -2 7 -35 -27 -19 53 -19.0
22 M 10 19 28 -28 -20 -12 21.6 —18.2
23 M 10 19 28 -16 -8 0 234 -13.9
24 M 22 31 40 -18 -10 -2 325 -7.2
25 F - 41 - - -7 - 41 -7
F indicates fixed point which cannot be optimized; M is moveable point for shape optimization; “~” is null.
A
Fig. 13 ()
Il‘igA 13 (¢)
1.00E+00 <
Turning point where fitness exceeds one, after
8.00€E-01 that all constraints are satisfied and the cross-
sectional area continues to reduction.
172}
&
& 6.00E-01
=
[+
4.00E-01
2.00E-01 ——1 Fig. 13 (a)
[ Fig. 13 (h)l
0.00E+00 »
1 2 3 4 5 6 7 8 9 M0 11 12 13 14 15 16 17 18 19 20

Generation number

Fig. 11. Fitness in Eq. (17) vs. generation number.

windows form, exhibited in Fig. 7. Cross-sectional shape can be
created by mouse click or text input of dialog box.

4.3. Cross-sectional shape optimization

Aggregating the above classes, GA implements cross-sectional
shape optimization, whose class diagram is shown in Fig. 8. The
OptimizationGUI is the top-level class and composites cross-
sectional solver and GAOptimizer. During the optimization process,
OptimizationGUI transfers the design variables to the cross-

sectional solver, which employs these values to calculate the objec-
tive functions and constraints and then returns the values to the
GAOptimizer for fitness evaluation. The GA optimizer has been de-
signed according toits solution steps. As well, GA should be easily ex-
tended to solve different types of problems such as discrete or
continuous variables, single- or multi-objective, elitist and parallel
optimization problems[10,15-18]. So, five classes Population, Selec-
tion, Crossover, Mutation, and Elitist are created as an instance in
GAOptimizer. Population stores a list of design variables which in-
clude several members and methods. The initial method creates
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A=1060, I,=530651, I,=798354, J=890241, n4,=1

(a) 1st generation

A4=1060, ,=608113, ,=850706, J=1071674, n4,=0
(c) 4th generation

A=1015, 1,=516732, 1,=832509, J=972172, n4,=0
(e) 12th generation

A=1123, I,=596731, I,=885062, J=928512, ng;=1
(b) 3rd generation

S~e——
13 14

A=1023, [,=551282, 1,=802903, J=1030095, 14,=0
(d) 5th generation

A=1003, [,=543281, 1,=782694, J=1041272, ng,=0
(f) 20th generation

Fig. 12. Dynamic views of cross-sectional shape and properties at some key generations.

the binary population using random generator in the class library of
the .net framework. The decoding method decodes a variable from a
binary string to a double value. The BinaryLength member defines
the necessary length of a binary string to acquire the specified preci-
sion for continuous variables. Upper bound, lower bound, and preci-
sion are the three necessary members to declare a continuous
variable. The singleton design pattern [19] is introduced here to
guarantee the uniqueness of variable list for a given optimization
problem and the variable list must be called at any place in the opti-
mization process. Roulette section, uniform crossover and simple
mutation are employed to select and alter the population. Elitist
class selects the highest fitness of individuals for the next generation,
which can avoid the removal of optimal individual during GA oper-

ations. Finally, the main form of cross-sectional optimization soft-
ware is shown in Fig. 9.

5. Numerical example

TWB of double cell with two opens is commonly used in auto-
mobile structure, so the initial cross section in Fig. 10 is optimized
as follows. Firstly, the initial cross section is drawn by the designer.
After that, lower and upper bounds of design variables are propor-
tionally created by dragging the “Track Bar” button, as shown in
Fig. 9. The initial value, lower and upper bounds of design variables
are listed in Table 1. Lower and upper bounds are rectangular
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Table 2
Comparison of cross-sectional properties between initial and optimal cross section.

Cross Objective Constraints Number of acute
section A I L ] angle
Allowable - 512,000 778,000 920,000 0
values
Initial 1026 486,930 739,950 875,431 1
Optimal 1003 543,281 782,694 1,041,272 0
Improved 2.24% 11.57%  5.78% 18.94% 100%

rate

boundary as shown in Fig. 10, in which moveable point succes-
sively changes its (y, z) coordinate during GA optimization. Points
2, 11 and 17 are spot-welded together as the first welding spot;
meanwhile, points 9, 16 and 25 become the second one. The two
welding spots are fixed points. Moreover, points 1 and 10 are also
fixed to keep the length of flanging so as to satisfy the demand of
welding manufacture. The thickness of upper sheet, lower sheet
and reinforcement are 3.0, 3.0 and 2.0, respectively.

In the following, the constraints are planned to increase by 5%
with respect to those of initial cross section, i.e., I aiowable =
512,000, I aiiowabie = 778,000 and Jaiowasie = 920,000, respectively.
In practice, these three allowable values are known, generally orig-
inated from benchmarking experiment of automobile body. The
draft angle at point 23 is less than 90°, which must be improved
in the optimization process. The configurations of GA, i.e., the
number of population (NoP), the number of generations (NoG),
crossover probability, and mutation probability are, respectively,
40, 20, 0.7, 0.1, input by the GUI of the solver, as shown in
Fig. 9.

After 20 generations evolved, fitness in Eq. (17) is gradually en-
hanced and converged, as demonstrated in Fig. 11. It is important
to note that turning point occurs at the fifth generation, where fit-
ness exceeds one, so after that all constraints are satisfied and the
cross-sectional area continues to reduction. During the optimiza-
tion process, outstanding individuals are gradually elite-preserved
and the cross-sectional properties are enhanced. The cross-sec-
tional shape and properties at the 1, 3, 4, 5, 12 and 20 generation
are described in Fig. 12. As can be seen from Fig. 12 that: (1) In fig-
ure (a-c), the number of draft angle less than 90° (point 12 in fig-
ure (a), point 21 in figure (b)) is penalized from one to zero. (2) In
figure (d-f), all the constraints in Eq. (14) are satisfied and objec-
tive function in Eq. (13) is decreased generation by generation.

Optimal solution of (y, z) coordinates is listed in Table 1 and the
corresponding cross-sectional properties compared with those of
initial cross section are presented in Table 2. In experience, there
is a positive correlation between the objective of cross-sectional

0.6

@ Computational time 70 s
BN Computational time 132 s
[l computational time 246 s

- @ NoP 20, NoG 10
0.5| =N NoP 40, NoG 20 !
|| mmm NoP 80, NoG 40 |

0.4 -

03

Probability

0.2 -

0.1 3

[1 1.1 [1.1,1.) 1.2, +)

Fitness

(0,0.5) [0.5, 1)

Fig. 13. Probability distribution of fitness for different NoP and NoG.

area and constraints of I, I, ] and ng, in engineering of automobile
body design. However, the proposed method successfully deals
with this problem. Table 2 shows that constraints are largely im-
proved; meanwhile, the objective is reduced. Therefore, designer
can develop high stiffness and lightweight section of TWB using
this method.

At last, the statistical analysis of this cross section is conducted
by one hundred optimizations for different NoP and NoG on ordin-
ary laptop with 2.5 GHz Intel Core i5 CPU and 3.25 GB memory,
running under Windows XP system. The probability distribution
of the fitness is shown in Fig. 13. When NoP and NoG are, respec-
tively, assigned the value 80 and 40, 93% of the fitness is larger
than one. So 93% of the optimization tests obtain the improved
solution, which is proved by Eq. (18). Furthermore, the computa-
tional time, spent on the 40 generations evolution, is only 246 s,
which can be completely accepted in the automobile practice. Con-
sequently, the statistical results demonstrate that the cross-sec-
tional optimization method is reliable and efficient.

6. Conclusion

The aim of this study is to develop an object-oriented graphics
interface design and GA-based optimization software for cross-sec-
tional shape of TWB in automobile body. The following conclusions
can be summarized from this study:

e The mathematical model of cross-sectional shape optimization
is appropriate to describe the demands of designer in automo-
bile engineering. Stiffness and manufacture constraints can eas-
ily be adapted to the problem using a normalized penalty
function, which is effective to evaluate the fitness of GA.

o The object-oriented programming and design patterns are iden-
tified and introduced in the framework design to improve the
software code reusability, modifiability and maintainability.
Microsoft GDI+ functions and classes implement fluently graph-
ics display of thin-walled section. Users only need mouse click
to design cross section and optimize it.

e The solutions reached by the GA are reliable and efficient. Gen-
erally, the solver takes 4 min or so to obtain an improved solu-
tion on an ordinary laptop. It is unnecessary to manually modify
the optimal cross-sectional shape because all the manufacture
demands are considered in the optimization model and pro-
grammed in the software.

Additionally, my “SuperBeam” software is free for academic

research and has been integrated into the “Vehicle Body -

FDO” software which can be downloaded at the end of my

personal website: http://mach.jlu.edu.cn/hb_images/xygk/xssz_

sz_js.php?id=395.
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