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ABSTRACT total optimization of such contents requires much of

Thi di the desi bl ¢ vehicl design freedom, a multi-link suspension system, that
TS parl)terl_ lI(SCUSSGS € eS|gr: pro e'tmh othve ICleR principally a parallel six-bar universal linkage, is
using - multi-link - suspension . System -wi e__a'mgetting installed to passenger cars, mainly to high-grade
Of. totally_ optimizing _vehlcle handling and _Stab_'“ty' cars. On the other hands, such design freedom makes
Since th|§ .problem mgludes many evalluatlon tems,, ¢ design process for determining link geometry, etc.
and ”?“'“'"”" suspension system has lnterconnecte ore complicated, and it is not so easy to design the
b;ha\”?r’ tk&e Opt'm'tziﬁlon 'Sd slo. cqrrgjpllcated.bl A]:nsuspension system with promising insights. This leads
eficient and computable model 1S Indispensable 1oy, necessity of a new generation of design methodology

compromising th? total_ optimization. Th|s_ PAPEr ihat can realize a potential of the complicated system
investigates a hierarchical structure of ObJeCt'VeS’toward total optimality

introduces appropriate simulation models for respective

items, and formulates a mathematical optimization This paper discusses the total design method for both
model based on them. Further, we apply a genetiginding optimization possibilities within an established
algorithm based optimization method to this problem.system structure and configuration and optimizing the
The genetic algorithm is based on Simple GA andsystem attributes that correspond to such possibilities,
introduces several extensions such as fitness functioinder the concerns with the total drivability optimization
for constrained multi-objective optimization problems, of a vehicle using multi-link suspension systems. For
similarity-based selection, direct crossover within sidethis direction, first we hierarchically structure design
COﬂStraintS, etc. The result of Optimization calculation items from design variables that represent Suspension
shows the validity of the optimization model and thegeometry to evaluation criterion related to practical
optimization algorithm as mathematical computationgperation situations, and then organize an optimization

based design methods. problem by selecting a mathematically operational part
from the whole design problem. Finally we show that
1 INTRODUCTION the optimal design solutions can be obtained by means

of a genetic algorithm based optimization calculation,
Suspension used in an automobile is a systensince the formulation results to a large-scale multi-
mediating the interface between the vehicle and thebjective constrained optimization problem. Besides, a
road, and their functions are related to a widesequence of these procedures must be applicable to other
range of drivability such as handing ability, stability, design problems as an effective methodology as well as
comfortability and so forth (Dixon, 1996). Since the the design problem of a multi-link suspension system,
Copyright (©1998 The American Institute of Aeronautics and when ConSIde”_ng that various _mEChanlcal SySte_mS have
Astronautics Inc. All rights reserved. become complicated to have high levels of functions.
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2 MULTI-LINK SUSPENSION SYSTEM stability and comfortability, and clarify the part where
AND ITS DESIGN PROBLEM an optimization under mathematical framework is

~ applicable.
As aforementioned, the reason why multi-link

suspension systems are introduced mainly for high-grad®.1 ~ Structure Analysis by ISM Method
cars is the high degree of design freedom for various S ] i
function items. For the direction, it is necessary to find an operational
The essential difference between design problemBart of the whole design problem, as well to clarify
for simple systems and ones for complicated systemges'gn re_quwements for des_|gn act!wt_les._ Since this
is that in the former cases the mapping from desigds essentlallnot only fo'r QeS|gn opt|m|zf':1t|on but also
items to function items is relatively independent andfor design itself, and it is especially important for
it is possible to separately determine respective item<OmPplicated systems, the ISM (Interpretive Structural

and that in the latter cases the interactions between alfiodeling) method (e.g., Warfield, 1973), that can
items are complicated as well as their structure and@stablish the hierarchical structure of system problems,

configuration and the tradeoff among function items@S been introduced for system planning problems

is not straightforward. This tendency seems to havd®-0- Akagietal, 1984). Under the advantage of ISM
become more obvious under the up-to-date technologid@ethod, we analyze the contents of the multi-link
that try to condense more functions into a certain size oPUSPension design problem.

a system.

The above context can be found in the design proble
of multi-link suspension systems used in automobiles. The design problem of multi-link suspensions is to
The fundamental functions of an automobile are to runiotally optimize or compromise all performance under
straight, to turn and stop, and to run on both good an@évery operational mode of a vehicle by optimally
bad roads. That is, they consist of various operatioietermining suspension geometry.  Under a fixed
modes. While there are a variety of suspension typesuspension type and configuration, the geometric
(Dixon, 1996), their performance depends on both thelimensions of element links, the positions of joints,
selection of their types and the adjustment of theirthe coefficients of spring-dampers and the stiffness of
component link sizes. When focusing on a specificstabilizers should be determined. As for the evaluation
operation mode, the suspension geometry of simpl&ems, while they can be finally integrated into three
types can be relatively easily determined to be idealitems, handling ability, stability and comfortability,
since the relationship between link sizes and the specifithe integrated indexes are linked with passenger's
function is straightforward. However, it is necessaryfeeling. However, the design optimization requires
to introduce complicated suspension types for realizingome rationally quantitative measures. The performance
totally superior performance against all operation modeghdexes that can be measured by driving experiments
(Ushioetal, 1991), and the corresponding designwith physical vehicles, the indexes gotten by computer
problem of suspension geometry is not so easy due to thedmulation of driving situations, the characteristic
aforementioned nature of complicated systems design. features related to suspension geometry itself can be

Under these points, the multi-link suspension systentounted as the candidates for such measures. While
that this paper is going to discuss is principally a parallethese should be selectively used for respective purposes,
six-bar universal linkage. It is generally impossible a set of measures must include all direction of evaluation
to understand the immediate relationships between linkems.  Further, the relationships against cost and
sizes and respective function items. So, the conventiongreciseness of each measure must be also considered
design situation requires many times of try-and-errors fotoward structurization of the design problem, since
finding a superior design solution. If the design problemthey are based on physical experiments or computer
can be mathematically formulated and the optimizatiorsimulations.
algorithm suitable for its characteristics is organized,

nrC]%.Z Design Contents

such a design method can be effective. 3.3 Hierarchicalized Levels
Proceeding from the above point, we enumerate 77
3 STRUCTURE OF MULTI-LINK items as design related items, check the relationships
SUSPENSION DESIGN PROBLEM between every pair of them, and apply the ISM method

for hierarchical structurization. Then, we reorganize the

First, we reveal the design problem structure of theeleven levels that are categorized by the ISM method into
multi-link suspension under the purpose of makinganother number of levels by considering their physical
automotive drivability superior such as handling ability, meanings, that is, how to obtain those indexes. Figure 1
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: . I1. Geometric and Static 111. Quasi-Dynamic 1V. Driving Mode V. Subjective VI I ntegrated
I. Design Objects i Total
. g | Characteristics Characteristics Characteristics Driving Feeling Objectives
level 11 level 10 level 9 level 8 level 7 level 6 level 5 level 4 level 3 level 2 level 1
: [1] Whed! Stroke [ 21 Straight running 77 % 16
(] Analysis (Front) \ stability #Jea /10S
L . N ing
58 Coil spring r 1 22 Breaking response
stiffness (front) ?’?)e /4,4 an.”';e(r;tgm) [4] Steady- during straight 10
59 Coil spring angle (45 C % : 1 State Circu- running Steering
stiffness (rear) (front) or Saring lar Turning 23Bresking response| | | retaining
62 Coil spring gc??flxgt Analysis Q on p-jump road force
waition || h | » $o || | oy
63 Coil spring Camber |\ | 46 Damper é%d g1c2 25 S[a[sﬂ- ingt " turn?ng
length (rear) angle equivalent oo | LB SR || S soeins
64 Spring & damper (front) damping no| &8 - '
n angle | O 8 ., BS/ 26 Breakin !
position (front) L ] coeff. (front) =g s g Stabilit
) i } ng & response during ity
65 Spring & damper 47 Distance be- 41 oG c Seady-state inertia
position (rear) tween spring- Rl || 8 |&=2 circular turning
66 Suspension damper and center & 27 Acodleri 8
geometry (front) body center of height |/ | & £ eration Straight
' gravity (front) (fron) | &3 response during g
67 Suspension 2 T2 steady-state running
geometry (rear) T circular turning stability
60 Stabilizer 1 [2] Whee! Stroke T - [ 29 Free control
stiffness (front) Analysis (Rear) 353 stability
61 Stabilizer . B = E 30 Jturn 2
stiffess (rear) 54 50 Roll center 85 characteristics Handling
- Toe height (rear) = abilit
68 Damper damping angle A ; . g 31 Frequency . y
coeff. (front) ] (re%r) 51 Coil spring response _ changing
69 Damper damping equwal ent characteristics Rol!lng stability
coeff. (rear) 55 I (sﬁg;n)ess 32 Lane-changing geellng
characteristics .
Comber | |52 Darmper 33 Sadom drinving [\ * S
70 Tireradius (rear) | , damping characteristics | force Handling
71 Tire spring | coeff. (rear) r |[5] Frequency 17 busyness
stiffness 53 Distance be- - Responsefor |\ Steering
72 Tire damping tween spring- Road Noise response 3
coeff. damper and 35 Frequency re- 14 Comfort-
body center of sponse of vertical 8 Steering L rability
B(?dy - gty (re) ) vibration gain '% salf- /
73 Bod: alignment
masé’ [6] Transient § 20
[3] Rack Stroke (] vibration [\L& —» .
76 Body Analvs = Comfort
vertical nayss Respanse S | ability
77 inertia 56 Toe angle 36 Acceleration g agaist
Body | 74 Body (front) Peak-to-Peak S vibration
shape longitudinal 37 Half reduction & 4
inertia 57 Camber period of Driving
75 Body lateral angle (front) vibration position
L inertia \k_/ amplitude

Figure 1 Hierarchical categorization of design items through ISM analysis

shows the resulted hierarchical structure and consequent attitudes corresponding to steady driving modes.
levels, and the following is the six levels that correspond,y, Driving mode characteristics - Physical features

to concrete contents of respective items: that are calculated from dynamic simulations of

several driving modes.
I. Design variables: - Attribute variables such as link

lengths, joint positions, that represent the design
entity.

V. Subijective driving feeling-- Subjective measures
against individual physical characteristics.

VI. Integrated total objectives - Indexes integrating

Il . Geometric and static characteristicsFeatures that .
some subjective measures.

are calculated from kinematic relationships in some

link trajectories and statically balanced attitudes. Among these levels, the items from Il to IV can be

Il . Quasi-dynamic characteristics - Features that principally defined by mathematical means, but some of
are calculated from quasi-dynamically balancedthe items from Ill to IV require complicated simulation
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codes and expensive computation for their evaluation.
On the other hands, the items from V to VI are related
to so-called KANSEI measures, that may be called as
human-oriented sensitivity, and they are not suitable for
mathematical operation in general.

3.4 Mathematically Operational Design Model

The consequence of ISM based hierarchical structure
reveals the range where the mathematical optimization
technigue can be applicable.

As for the relationships between individual items
shown in Fig. 1 and computer simulations or analysis
calculations, each bracketed number in the figure
corresponds to the items that can be obtained through
a series of analysis with relatively less computational
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(i) Front suspension

efforts. Such analytic operations are as follows:
N\

[1]: Wheel-stroke analysis for the front suspension. upper trailing link ay
wm\ \‘._e

[2]: Wheel-stroke analysis for the rear suspension. (==t §__Knucle
[3]: Rack-stroke analysis. spring-damper = ’:?é\%
[4]: Steady-state circular turning analysis by means of upper lateral link B\"@ §"‘
cross-sectional equilibrium analysis of a full vehicle . Stabilizer > P
for centrifugal force. .\ control link : /\\é&‘ —
. . . . AN lower trailing link N
[5]: Frequency response analysis against road noise with /% \ rear lower P 9 \@ /,?
a simplified vibration model of a full vehicle. c(s%\\lateral Jink 2&@ 4
[6]: Transient vibration analysis against a single bump S " ] é/“;e}‘ \
with a simplified vibration model of a full vehicle. z abi\izef 9%—_-_%_0%
. ~ front lower —"=2
As shown Fig. 1, some part of these corresponds to o) \ lateral link __:?'ig
the replacement of the items in level IV, except the items X =

related to [5] and [6], while the items in level IV relate to
various real vehicle experiments and dynamic computer
simulations. The items of [5] and [6] can be evaluated
through the simplified vehicle model that is a vibration
model with springs and dampers and that does not
include suspension geometry. Consequently, the entir@oplying any design optimization procedure, there
set of design items that can be obtained by [1] to [6] isare, for instance, some options on the selection of
a combination of analysis operations that is appropriatea set of design variables for representing the design
for the design optimization calculation related to all object due to the inter-dependency between design
aspects of handling ability, stability and comfortability. variables. However, which design variables are
Thus, the constraints and objective functions can belirectly manipulated though an optimization algorithm
formulated based on the above simulation analysis fois practically important for efficient optimization
multi-link suspension optimization, and an appropriatecalculation, and some cares are necessary for avoiding
set of design variables should be selected so as to suite inadequate formulation that may fail into missing
for mathematical optimization calculation. These effortsoptimization.

must result in a complete set of object model for the o )

design optimization. 4.1 Multi-Link Suspension System

(i) Rear suspension

Figure 2 Suspension geometry

Figure 2 shows the configuration of front and rear
multi-link suspension systems that is optimized in this
paper, respectively. As aforementioned, while a multi-
link suspension system is a parallel six-bar universal

This section shows the formulation of an optimizationlinkage, its practical configuration must be obeyed with
problem of a multi-link suspension system. Whenstroke motion of a wheel and it includes a stabilizer

4 FORMULATION OF MULTI-LINK
SUSPENSION DESIGN PROBLEM
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and a spring-damper system. When considering the the wheel stroke of both front and rear suspensions
realization of suspension functionality, it must be are close to zero, (two objectives for the front and
effective to generate superior designs by mathematical two for the rear; calculated by [1] and [2]).

means, since the link sizes and joint positions are(z)

¢ X ) The roll center height under the statically balanced
delicately interconnected on the functions.

situations are close to the preferable values, that
are assigned from marketing viewpoint and vehicle
characterization, respectively for the front and rear

The design variables are introduced from link suspensions, (one objective for each one; calculated
geometry, spring-damper coefficients and stabilizer by [4]).

stiffness, since these are directly related to suspensioff3) The role angle of the body under the steady-state
functions. Besides, while the cornering characteristics  circular turning analysis for centrifugal force at

of tires are so important for superior drivability, the tires 0.5G, whereG is gravitational acceleration, is close
are not considered as design variables to focus on the o 3 degree, (one objective; calculated by [4]).
suspension systems themselves in this study.

Among the design variables, there are several option
on how to represent the link geometry. For instance, we
can independently determine the geometries of all links
and the positions of all joints. However, in this case
there are some cases where they cannot be assembled as a
suspension system or where the wheel orientation is nof5) The minimum difference between the vertical
acceptable. For avoiding these situations, we first give  Vibration gain against stationary road noise from
the wheel position and orientation under the statically 1 Hz to 30 Hz and ISO measure on 8 hours’
balanced situation as constants, then define the relative ~comfortability limit is large as possible, (one
positions of characteristic points of the whole suspension  objective; calculated by [3]).

system over respective chains of joint points, that are(g) Under the transitional vibration response corre-
shown with arrows in Fig. 2, from the whole center sponding to the projection passing, the maximum
(Joint @), under the statically balanced situation, and  peak-to-peak value after the vehicle is passed a pro
use such relative positions as the design variables. For jection is small enough, (one objective; calculated

4.2 Design Variables

S(4) The centrifugal acceleration effect coefficient under
steady-state circular turning analysis is close to
a preferable value, that is also assigned from
marketing viewpoint and vehicle characterization,
(one objective; calculated by [4]).

instance,_the bo_dy-sidejoint position of the front spring- by [6]), and the period for 50 percent reduction of
damper, i.e.A), is represented as the vector sum of the vibration amplitude is also short enough, (one ob-
positions of(@ from @, @ from (@ and @ from @. jective; calculated by [6]).

Besides, as for the body-side joi@} of the front-wheel

lower arm, since the joint is not a universal joint with 4.4 Constraints

three degrees of freedom but a revolute joint with one

degree of freedom, the orientation of its joint rotation The following constraints must be considered so as
is taken as design variables. As a result, we defindhat the suspensions can physically consist:

39 design variables for joint positions @ to @ and (1) The front and rear suspensions must fit within
two orientation variables of the lower arm for the front the wheel houses, respectively. That is, every
suspension and 45 design variables for joint positions  oint position is within the certain upper and lower
of @ to @ for the rear suspension, i.e., 86 design  constraints. These bounds correspond to the wheel

variables for suspension geometry. Further, we introduce  pouses respectively, (78 constraints for the front and
six design variables for spring stiffness coefficients and 90 constraints for the rear).

damping coefficients of spring-dampers for both front 2)
and rear suspensions and stabilizer stiffness for both
front and rear suspensions. The total number of design
variables reaches to 92 under the above definition.

The geometry of the front lower arm must be within
a certain range. That is, the joint® and @
must exist between the joint® and (@), (four
constraints).

4.3 Objective Functions (3) Each suspension must be movable for afore-
specified range of both vertical stroke and rack
value. That is, there are statically balanced states
against all afore-specified stroke ranges of the
wheel stroke analyses and rack stroke analysis,
(four constraints for the front and two constraints
(1) The transitions of toe angle and camber angle under  for the rear; calculated by [1], [2] and [3]).

The following eleven items are selected as objective
functions, that can be calculated through six analytic
operations [1] to [6], from the hierarchical structure of
design items shown in Fig. 1:
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Further, the following constraints must be considered ¢ Limit for Feasible
as minimum levels of performance items, since they are .g ~iopedific criterion region
not taken as the objective functions: b=

o Initial

(1) The kingpin offset and toe angle under statically Coverage"'-.‘_
balanced situations are within the acceptable range
ranges, respectively, (four constraints for the front
and two constraints for the rear).

<~ "solution set
o
o

(2) The orientations of wheels are close to the vertical ndividud e R
position against the road surface. That is, the optimality
outside wheel has negative camber under the rack Coverage 'dt?’a' aFj’arftO
stroke situation, (one constraint; calculated by [3]). range { opumd plane

(3) The difference between the outside wheel and inside
wheel is kept against the maximum rack angle for
turnability. That is, the toe angle of the inside wheel Figure 3 GA based multi-objective optimization
is larger than the toe angle of the outside wheel
against the maximum rack angle of the rack stroke N )
analysis, (one constraint; calculated by [3]). proplems (Fujiteet al, 1998) to such a suspension

o design problem.

(4) The under-steer characteristic must be ensured. gegides, we assume that the optimization problem
ThaF is, the rz_a\ck value is monqtomcally !ncreasedcan be represented as the following form with a
against the increase of turning velocity “nderdesign variable vectox = [x, Xz, -, x| T for the latter
the steady-state circular turning analysis, (ON€yiscussion:
constraint; calculated by [4]).

Criterion 1

(5) Steady-state circular turn is possible to afore-

specified velocity. That is, the vehicle can have rsnlg!?(:ltzfo rf:-(x) _ 0 (':_11’22’ )
stationary balanced situations within an afore- ") Jg) < 0 Elj(:l’ 5 ~P) 1)
specified range of centrifugal acceleration under g‘ﬁ ) < I =129

the steady-state circular turning analysis, (one %

constraint; calculated by [4]). This form considers the side constraints with lower

(6) The period until the transient vibration is settled boundsx,'- and upper boundsqU for design variables
is within an acceptable range, (one constraint;specifically. It also includes equality constraints for
calculated by [6]). generality.

The total number of constraints, all of which are

inequalities, is counted as 189. 5 GENETIC ALGORITHM BASED
MULTI-OBJECTIVE OPTIMIZATION
4.5 Mathematical Characteristics
The genetic algorithms (Goldberg, 1989) are the prob-

The optimization problem that is formulated with abilistic group-based optimization method that origi-
the above design variables, objective functions anchated in the analogy to national selection. While their
constraints is a multi-objective nonlinear constrainedabilities against various difficulties in optimization prob-
optimization problem in a real number space. Theems have been proven through their past applications,
distinguishing points of this problem are that the numbeia different optimization problem requires another con-
of design variables are so large since the multi-linkfiguration of a genetic algorithm that are suitable for its
suspension geometry as shown in Fig. 2 are optimizedharacteristics in some cases.
together, that the number of constraints are also large, The genetic algorithm that is applied to the
and that the constraints are susceptible to the fineptimization problem fundamentally follows Simple GA
changes of design variables, since most of them ardescribed by Goldberg (1989), and we introduce several
related to geometric feature variables of complicatedxtensions to it for the constrained multi-objective
suspension configuration. All of these are considered toptimization problem of the complicated real design
be disadvantages for application of ordinary optimizatiorproblem (Fujitaet al,, 1998). Figure 3 shows the concept
techniques based on gradient information. Thus, thief the method. The method aims to converge a set
paper applies the genetic algorithm based optimizationf solutions to Pareto optima by means of individuals
method for complicated mechanical systems desigim genetic algorithms. For this purpose, the algorithm
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f o o _ Further, the fitness function is adjusted B$(x)
'2 l\/los:fln;etrrl]or splytuompfxgener;non through o truncation and linear scaling to prevent
igav&ilgnedemmlmum'lnessy ue premature convergence, and the resulted values are
g ' o getriﬁglvgoi?tri%tﬁs arranged td=” (x) based on the crowdedness of solutions
i F)=0 irl]o ageneration to obtain distributed Pareto solutions with the following
@ : Non-Pareto equations:
solutionsin a
Fi)=1 generation F(x)
&~ Shortest path from F'(xi) = : (3)
anon-Pareto solu- nG
F() = 1 tion to Pareto sur- ng = z sh(d(f' (x),f"(xj)))
: face ]
Tentative Pareto optimal surface d (4)
shid) = max(o, 1-— )
f Oshare

Where, ng is the niche count andshgre is the niche
size. The distancd is Euclidean norm in the objective

Figure 4 Fitness function for multiple objectives .
g P J function space,f’(x). z means the sum across

the solutions in a generétion. The niche s@E@are
means the region of Pareto surface that the individual
solution should stand for, and it is determined with
a revised method from Fonseca and Fleming (1993)'s
method with the following equation:

should have the abilities for both optimizing each
solution and evenly distributing whole solutions within
the feasible and acceptable region.

The following subsections describe the extensions to

Simple GA introduced in the optimization method for r , , . Oshare r , ,
e . e . f/_ flpp304C) fr— !
multi-objectives, diversification of solutions and real | [ R | i
. . ji=1 \max min share i=1 \max min
design variables. N = A (5)
. . 2 S are)
5.1 Fitness function ( O share

While an objective function is used as a fitnesswhere, f/ and f/ are the maximal and minimal values
function for single-objective optimization problems with max min _ _
several scaling techniques, this optimization method use® fi(x) in each generation, andl is the number
the distance from the tentative Pareto surface in eachf Solutions in a generation. Oshare iS @ revising
generation as the fitness function. Before calculating©€fficient against the excessive arrangement for sharing
the fitness function, constraints are included into alldistribution(0 < dshare < 1).
objective functions as penalty terms with the following

equation: 5.2 Similarity based selection

p Since the optimization problem has a lot of design
fix) = fi(x)‘f‘pE(t)Zl‘hj(X”Z variables and they are inter-related in a complicated
1= way, the random mating of individuals may generate the
d 5 solutions that violate constraints or that are inferior in
+pi(t) 3 {max(e(x),0}°  (2)  opjectives. To avoid this, pairs for crossover operation
k=1 are selected based on similarity between each pair in
Where, pe(t) and pi(t) are the penalty coefficient addition to the fitness function.
functions for equality and inequality constraints, Figure 5 shows how to calculate the selection
respectively, that are grown as the generatigains. probability for a pair of solutions, not for a solution,
Figure 4 shows the concept on how to calculate thevhere C; and C, are the coefficients for controlling
fitness functiorF (x) from f’ (x). In the figure, all Pareto the probability. In the figure, the weighting factor
solutions take the best valug(x) = 1, the worst non- w;j for selection probability of a pair of solutions
Pareto solution takes the worst valkgx) = 0, and s introduced based on the distandg between the
the other take intermediate values corresponding to howolutions, and the resulting selection probability for the
far it is from the tentative Pareto surface, respectivelypair is determined asi; Fi”F’j’ with the fithess values,
(Osyczka and Kundu, 1995). F{ andFj of respective solutions. Finally, selection
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is randomly generated for each design variable under a

= normal distributionN(0,0?). This crossover operation
2 5 can be arranged by standard deviatmmand crossover
%% % probability P..
'g 3 T ! Besides, since this crossover includes the characteris-
=20 C: G2 tic of mutation, the algorithm does not include any mu-

Distance between apair of solutions dij tation.

Figure 5 Mating probability for diversification 6 COMPUTATIONAL EXAMPLE OF

DESIGN OPTIMIZATION

is performed for all possible pairs of solutions with

the remainder-stochastic-sampling-without-replacement 11iS Section shows a computational example of the
strategy (Goldberg, 1989). design optimization of multi-link suspension system

toward totally superior performance of drivability such
5.3 Life span limit for Pareto solutions as handling ability, stability and comfortability.
The setting for optimization calculation is as follows:
The ‘elitist plan’ is introduced for tentative Pareto The number of individuals is 100. The penalty
optimal solutions, but the generation number where eacboefficient function for inequality constraints j(t) =
solution is preserved is limited within a constant numberygq » 2T10, while the formulation includes no equality
T for preventing that a generation is almost occupied byonstraint. The revising coefficient for sharinghare
preserved S_0|Ut|0n3 (such situation can easily occur fols 0.3. The parameters for similarity-based selection
the cases with large number of objectives). are thatC; is equal to the average distance across all
| ber di di d possible pairs of solutions in design variable space minus
5.4 Real number direct coding and crossover its standard deviation, an@, is the average distance,

The design variable vector is used as a codindn respeptive generations. The Iife. span lifhitis 10
method for the genetic algorithm in order to in- generations. The crossover probabilityRis= 1.0. The

sure preciseness in optimized design variables. Th&t@ndard deviation for crossover operatiogis 0.5.

crossover for real numbers is performed by interpolat-6 1 Convergence Histor
ing parent solutions with interpolation ratio that is ran- " Verg : y
domly generated under a normal distributitio, o) _ Figure 6 shows the optimization history where a set of
(Furukawa and Yagawa, 1995). Further, since the desigiqividuals is converged into the Pareto solutions as the
variables in mechanical systems design problems are ofjeneration of the genetic algorithm is proceeded. While
ten restricted within the side constraints, a monotonously, o optimization problem has eleven objective function
increasing threshold mapping is used between desighs aforementioned, the figure shows with the weighted
variables and intermediate variables for such restrictiong;ms of three categories of items; the items related
The crossover operation from two design variabley, analytic operations [1] and [2], the items related to
vectors x® and )_(B In a parent generation t0 tWO gnaiytic operation [4], and the items related to analytic
onesx¥ and x° in a child generation is performed operations [5] and [6] ([3] relates only to constraints).
with the following linear interpolation equation over Tpe categories are called &ttaight running stability
the intermediate variables translated with the SingidTurnablity and ‘Comfortability’ respectively in the
functionSig (% ): following. In the figure all objectives are translated to
be minimized, and non-Pareto solutions are eliminated.
: In the optimization history, it can be confirmed that the
B individuals are going to close to ideal Pareto solutions
) ) generation by generation in the early generations, while
they slightly tend to gather to a central spot. It is

W -Sig! (XIB) ) also seen that after these situations the individuals are
U . - improved to spr_ead to wider range of Pareto solutions in
Sig(R) = X X EXD(:Xi) ) the late generations.
1+ exp(—X) Besides, we examine the effects of similarity

based selection, life span limit and so forth by the
Where,xi(°) is thei-th design variable of a solutiod®) in comparison with the optimization calculation without
the generation, and is an interpolation coefficient that such effects. The comparison ascertains their effects
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Figure 6 Optimization history

for superior optimization performance on complicated6.2 Pareto Solutions

multi-objective optimization problems.

The above result shows that the genetic algorithm
based optimization method (Fujigd al, 1998) is effec-
tive for the mathematically operational part of the sus-
pension design problem, and that a relevant set of Pareto
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Figure 7 Several Pareto optimal solutions

optima can be gotten with it. After such solutions are ob- 7 SUMMARY
tained, it is necessary to select a preferable solution from
a set of Pareto optima for the realization of a design. Fig- X ; o )
ure 7 shows a relative comparison of several represent& Vehicle using multi-link suspension system, and pro-

tive Pareto optima that are selected from the result showR0S€d an ISM based systematic structurization procedure

in Fig. 6 (vi), where the outside of the chart indicates to@"d @ genetic algorithm based optimization method for a
be superior on respective objectives. The tendency dflass of complicated engineering system where the prob-

the gotten Pareto solutions, in addition to ones shown ifeM Pelongs. The hierarchical arrangement of the prob-
))em was useful for formulating the optimization problem

Fig. 7, shows that there is a tradeoff between turnability ) .
and straight running stability and that there is no signif-n @ mathematically appropriate form, and the computa-

icant tradeoff between comfortability and the others. Ifional example showed that the genetic algorithms are ro-

also shows that the conventional design is relatively clos@USt €nough for complicated optimization problems and

to the preferential solution on straight running stability. 2t S0me extensions introduced in this paper are novel
toward superior optimization performance. The overall

While the final solution must be selected by a designeprocedure for design optimization that was applied to
from this kind of understanding of design tendencymulti-link suspension systems must be useful as a good
such as tradeoff among objectives, it must be valideference for the introduction of systematically rational
and effective to provide designers essential informatiorflesign approach to other complicated design problems.
on design optimality of a complicated engineering
system through a sequence of the ISM based systematic
formulation of the optimization problem and the genetic ACKNOWLEDGMENTS
algorithm based optimization calculation for seeking a Thijs research is partially supported by “Research
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This paper discussed the optimal design problem of
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