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Abstract

Some powerful analysis systems nowadays existing in the
market, include very elemental redesign facilities. There are
also more complex and sophisticated optimal design systems,
but they require very expensive inversons, as much in
hardware as in software. In the contrary, there is still a lack of
low codt, easy-to-use tool for the independent industrial
designers, and for the smal industries, to abandon the
craftsman trial and error method, based on synthesis-through-
experience, reinforced with the knowledge of the structura
response (obtained through the very well stabilized analysis
processors).

In the present paper, two of the mogt critical aspects in the
problem of the optimal design lack of acceptance (robustness
and friendliness) are studied, and the solutions adopted in the
optimal design of dstructures system DISSENY, being
developed by the authors, are explained.

1 Introduction

All aspects of the development of structures and structural
dements design systems, can be considered in three
components: a) the data base; b) interactive communication
with the user, and c) the application programs library (including
finite-element based analysis methods, optimization agorithms,
etc.). Efficient solutions for al three areas, independently
considered, have been obtaned, and some systems
encompassing the whole process, whose objective is solving
practical and general purpose problems, have already been
developed. But such systems have not gotten the expected
acceptance. Reasons for this rejection seem not being unique,
and the problem was aready defined in the question asked in
the NATO Advanced Study Ingtitute on Computer Aided
Optimal Design, whose acts are in [1]. The question was: “
Why we have problems for the designers to accept, and use,
optimization methods?’.

Now, CAD technologies, in its wider sense of Computer
Aided Design, are firmly stabilized in the structures design
systems. Such technologies include all aspects that simplify the
use of the computer in the design. One of the most important
aspects is the definition and implementation of specific Data
Bases for the design of structures. A second important aspect is
the improvement of interactive communication between user

and design system, by means of the appropriate Graphical User
Interface (GUI).

In spite of this, the field of Data Bases extending over the
whole life cycle is now in full activity [2]. In the other hand,
graphical libraries, on top of which design systems have been
developed, have experimented great evolution. Consequently,
optimal design systems have come to “suffer” one or more
migrations, as data bases and graphical standards evolved. In
summary, the search for fully compatible, long duration
standardsis still afield of interest.

In reference to the application programs, and in particular
the optimization algorithms, it must be emphasized that
“academic” applications tend to consider efficiency over any
other consideration. But for the optimization to be broadly used
out of the academic sphere, what must be emphasized is
robustness. It must be considered that the efficiency of
optimization algorithms is reached by tuning a great variety of
parameters controlling its flow. But the meaning, the range and
the more usual values for those parameters are only known by
very expertise users. Moreover, assigning not proper values to
some of those parameters usualy imply not only a drastic
decrease in the efficiency of algorithms, but even an ending by
error condition. Getting an easy-to-use agorithm, implies
defining default values that helps, to designers not experienced
in optimal design, in making safe designs. Besides, it must
alow a friendly interaction that leads the expertise user in the
modification and tuning of those parameters from which the
designer knows vaues that make a more efficient resolution for
aparticular case.

In addition, as no general algorithm (able to solve all kind
of problem) can be obtained, we appeal to different classes of
agorithms, changing from one ancther both while the design is
till in progress, or in the beginning, depending on the kind of
design. That strategy increases the need to get more robust
algorithms, and a more consistent data base, and to improve the
friendliness of the system, to inform, guide and suggest the user
about safe but more efficient optimization alternatives. In short,
we tend to establish one library of applications, including
different optimization algorithms, that can be aternatively used,
depending on the characteristics of both, the problem or the
progress of its resolution process.

As we have seen, improving robustness in the optimization
process can be done by making it easy to choose appropriate
values for the parameters that control the process. In the same
way, developing new design oriented models, instead of
analysis oriented ones, is a very important way to improve



friendliness, or user interaction (also implies a better operation
of the optimization algorithm). It was Schmit [3], who first
pointed the need of distinguishing between design and anaysis
models, concluding that design model must be placed over the
analysis model in the problem formulations hierarchy. This
problem must be defined in terms of a small group of “natura”
design variables, very close to the designer thinking way, and
paying atention to the whole manufacturing process.
Nevertheless, thisfield is only beginning to be explored.

Next, we are going to study robustness and friendliness
problems in practical application of optimal design, and we
shal comment solutions adopted in DISSENY system. It is
general purpose structures and structural elements optimal
design system [4]. It is based in the finite elements structural
analysis program ADEF (also developd by the authors [5]), in
two non linear mathematical programming agorithms, and in
some processors carrying the finite elements-optimization
techniques coupling [6]. It has, in addition, some different
modules to solve specific problems, such as basement
optimization for electrica transmission towers [7], thin-wall
profiles optimization [8], optima design under non linear
behavior [9], etc.

Finaly, to solve al different graphical representations
presents in a design system (basically: pre-processing,
monitoring and post-processing), while maintaining portability
and low cogt, in DISSENY we opted for developing our own
high level library (to manage menus and didogues, visuaize
3D models, and represent functions) [10]. To maintain
independence in the high level graphica library, while easing
system portability, we maintained GKS syntax. The call to the
low level library from the high level one, is done by different
trandators, from GKS syntax to real operations in the actual
low levd library (for ingtance, Fortran PowerStation's
GRAPHICS, in the Personal Computer version). This solution
implies a reasonable development cost, gives the system an
acceptable variety of drivers and simplifies migrations from
machine, compilers or other software.

2 The Optimal Design Problem

The following is the most usual algebraic formulation for
the generd optimal design of structures and structural elements:

Find adesign variables vector X (Xg, Xy, ..., Xp) t0:
minimize the objective function  f(x)
satisfying the constraints:

h)=0 =12, ..,m )
g(x)?0 =12, ..., my
XiexiexS =12 ..,n

Where x is the design variables n-dimensiona vector; f(x) is
the objective function; h(x) is the number j of the equality
constraints; gj(x) is the number j of the inequality constraints; X
is the lower limit of variable number i, and x5, is the upper limit
of variable number i.

Usually, the objective function f(x) and the equality hy(x)
and inequality gj(x) constraints are non linear functions. Then
the problem is said to be non linear optimization.

Essentially, two different approaches are distinguished in
optimization problem resolution: &) optimality criterion, and b)
mathematical programming. The optimality criteria are methods
of solving definite optimization problems, guiding the
resolution by way of criteriathat are known (or are believed) to
fit the problem at hand. Some optimality criteria have a clear
physical meaning; Thisis the case in the Fully Stressed Design
("F.S.D."), which is the situation in that every component is
under limit stress, at least in one specified load hypothesis.

F.S.D. is a stress design of component properties. Initialy,
any other kind of congtraint is not considered in the method, but
it can be spread to include displacement constraints. The most
emphasized characterigtic in F.S.D. is the objective function
absence. This means no merit function subject to maximize or
minimize exists. That is, we cannot ensure an F.S.D. agorithm
to converge, for instance, to minimum weight solution. This is
because this am cannot be explicitly fixed, if no objective
function exists. Nevertheless, one good characteristic of the
method is that some of its approximations get one solution very
close to optimum just in the first or second iteration, with
independence of initial point, making it a good method to
rapidly obtain an appropriate initial design to use as starting
point for more sophisticated methods.

Mathematical programming can obtain design problem
solutions, applying numerical methods of constrained objective
function minimization (or maximization). Many methods of
numerica minimization can be defined through the same
general formulation, where successive refined approaches are
obtained from the previous one in the form:

Xk+1 - Xk + ?k dk (2)

This means that the point of design (vector of variablesx) in
the k+1 iteration, is obtained from the previous point of design,
moving along a search direction (d“), during one certain
longitude ?*. The main disadvantage of this search method is
that alocal minimum is generally obtained (a point such as no
other point around it leads to a better design), which shall only
be equivalent to absolute minimum in apurely casua way, or in
the particular case of design space being convex. Definitely, a
good solution, but not the best, is generally obtained, and, in
addition, the solution obtained depends on the departure point.

Recursive quadratic programming (RQP) is a constrained
mathematical programming method. In essence, the method is
based on reducing the problem, in every iteration of the
optimum search, to a quadratic subproblem. The basic ideawas
developed by Wilson [11]. Later, one algorithm based on this
technique was developed by Han [12], and was implemented by
Powell [13] with some modifications. RQP methods have good
acceptance, mainly because: a) it has been proved they
converge globaly (from any arbitrary starting point), and b)
they have linear (or even better) convergence ratio.

Congtrained minimization agorithms require sensibility
information. In particular, the ones above referenced, they need
first derivatives, with respect to design variables, for the
objective function and every constraint. Sensibilities can be
calculated by analyticd means (expensive in programming
effort), or by finite differences (expensive in calculation time).
Therefore the approximate-subproblems technique [14], was



considered as an dternative. Even known it requires the
selection and tuning of different kind of approximations to
caculate estimations of &l functions and its corresponding
derivatives (see[15, 16], etc.).

System DISSENY employs RQP optimization methods. In
concrete one implementation of Powell algorithm, and another
one of Schittkowski [SCHI83] are used. The system aso
implements methods based on F.S.D., like Stress-Ratio, which
permit obtaining a reasonably close to optimum design, to use
as starting point to improve the mathematical programming
algorithms' operation. Problems can be solved both by direct
methods, or like succession of quadratic subproblems (using
different classes of approximations).

The system uses a configuration file, which alows default
values definition for all parameters controlling the selection and
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design under geometrical properties of elements, and structure
geometry. In the former, profile areas in truss or beam
structures are generdly considered. In the latter, variables are
related to node coordinates or to variable contours.
Consequently, it is habitual to consider fixed values for material
properties and structure topology.

In sysem DISSENY, both properties and geometry
variables can be considered (together or in a separate way).
Besides, in case of optimization of profile areas in truss or
beam structures, some techniques to obtain discrete solutions
are applied. In this way, continuous solutions, given by
mathematical programming agorithms being employed, are
converted to commercial discrete values.

Among all aspects in the design moddl that have a specia
transcendence in the optimization process, techniques to reduce
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Figure 1. Design and analysis models

adjust of optimization options. In this way, a safe behavior of
the system, when used by non expertise users, is guaranteed.
Defining different configuration files are allowed, so default
parameters can be persondized. In addition, the default
configuration can be interactively modified during program
execution. Modification is done using didogue boxes
(“widgets’), that guide the user in the alternative parameters
selection. In this way, expert users are alowed to improve the
efficiency of the process, without damage for robustness.

3 Design Model

When a previous level is added to anaysis model,
considering all different classes of variables that can be defined
in the design of dgructures (geometrica properties of
components, structure geometry, material properties and
structure topology), we are approaching to “design oriented
mode” (i.e. [18]) (figure 1). It is important to mention that, in
this model, analysis information would become completely
subordinated to design information, hypothetically coming to
be automatically defined from design model.

It must be emphasized that, not all the four classes of
variables above identified can be trested. Techniques existing
in the present moment only allow effective consideration of

the size of the problem must be emphasized. Those techniques
basically involve linking variables [19] and properties [20], and
reducing the number of active congtraints.

Initial reasons judtifying the use of those techniques were
the existence of practical problemsto cope with more constraint
and more variables than those that mathematical agorithms can
handle. Nevertheless, linking of properties and geometry
variables not only reduces the size of optimization problem,
but, in the same time, alows introducing practica design
conditions, such as geometrical ones (symmetry,
proportiondity, etc), or congtructive ones (simplifying
assembling, limiting profile vaeriety, etc.). So, every element
property PF can be expressed as afunction of a set of properties
(vector P') taken as independent, in the way:

PP=P*+ 75 P ©)

In the simplest case, of one group of elements sharing the
same property, constant value P°% isnull, and all componentsin
the vector of coefficients T¥ equal to zero, except one that
equalsto one.

Reduction of the number of properties needed to define a
Cross section, is based in mutual relations among al profilesin
the same series. Operative way condists in adopting one
characteristic of the section as independent (in truss and beam
structures area of cross section is a good choice), and relating it
with the rest of propertiesin the following form:



D=aP 4

Where D is the dependent property, P is the independent
one, and parameters a and b are obtained by fitting (using least
square methods) all profiles of the series to be employed.

Reducing the number of active constraints implies taking in
consideration, in every iteration (or sub-problem), only those
congtraints that are being violated, or that have many
possibilities to become “active” (violated or having avalue very
close to the limit) in next iterations. This is why a minimum
value for the constraints is considered, to select only those
having possibilities to turn active in next iterations (trying in
this way to minimize changes in the subset of active
congtraints).

At lagt, and given that vaues of properties and geometry
variables are usualy very different, we use scaling techniques
for variables, to improve the problem conditioning (and
increase robustness).

We shall comment in more detail the distinction between
leaving variables node coordinates, or defining variable
contours. In one hand, in the particular case of truss or beam
structures, selection of appropriate profile is relied on property
variables. Consequently, if we aso control node coordinates
through geometry variables, al geometrical aspects are
simultaneously considered. In the other hand, in a
finite-elements model, coordinates of al nodes in the mesh
determine not only geometry of every finite eement, but global
shape of the whole structure. Consequently, using node
coordinates like design variables in continuous structures
appeared in anatural way [21].

Nevertheless, formulating the optimization problem in terms
of position of nodes in the finite element mesh, have many
disadvantages when applied to continuous structures, because
most design variables are required to obtain good precision in
the analysis. Moreover, the obtained solutions cannot be build,
because contours are discontinuous, the optimization process
becomes complex, because it is necessary to regenerate the
mesh every time design variables are modified, etc.

/74 BTN

E & R L& &R
aj | 87.5 | |00 |

@ @' @y @) G
=7 W7 e
c) 447

To dleviate al those drawbacks, Bennet and Botkin [22],
proposed the definition of geometry by means of a succession
of border elements, associated to leader points, which are, in
turn, defined from a pre-defined number of design variables.
Rajan [23], used straight lines and arcs of circumferences as
border lines, the former defined by its extreme coordinates, the
latter using the radius and initial and final angles like definition
parameters. The rest of the contour curves can be defined
through Bezier or B-spline curves, associating design variables
to control nodes. The method of “design elements’ [24, 25, 26]
is used to update the mesh during optimization process. The
method is based in decomposing the domain in a group of
smplest geometry sub-regions, called super-elements. The
mesh process on those super-eements is done in the anaysis
stage, intensifying the distinction between design modd and
analysis modd.

Definition of design model for continuous structures in
DISSENY is based on decomposition of the two-dimensional
structural element in “design super-elements’. Those are areas
with simple contours, which can be easily defined using
different curve types (straight lines, circumference arcs, B-
splines, etc.). An automatic mesh generator, based on mapping
techniques, makes the subsequent analysis model mesh [27].
During optimization process, curves defining the contour, are
changed due to modifications in those design variables
associated with curve definition parameters. This contour
modification implies a change in shape of super-elements, and,
consequently, an update in the finite-elements mesh [28].

4 Examples

In the first example, we consider optimization of a
connecting rod head (with an 7 mm. constant thickness).
Assuming symmetry in the problem, model has been simplified,
considering only one haf of the head. Displacements are
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Figure 2. Rod head model. 8) Dimensions, loads and restricted degrees of freedom; b) Control points, fixed points and design
variables; ¢) Superelements and Finite Elements mesh definition; d) Contour curves



disabled, only in perpendicular direction, for nodes placed on
axis. The load (3200N), is supposed to be gatic, and applied in
the axis direction (figure 2.9). To smulate that it is applied
through one bolt element fitting the hole in the head, it has been
distributed according to an eliptical distribution, using Hertz
equation for contact stresses.

Design variables (vy, Vs, ..., V7), are distances from axis to
contour (figure 2.b). Variables v, - v, are measured in radia
direction, with respect to the center of the hole, and vs - v; are
measured normally to axis. The super-elements model consists
of 6 eight-vertex super-elements (figure 2.c). When dividing
super-elements, a 336 triangular finite-elements mesh, of 336
elements and 200 nodes, appears. The objective is abtaining a
shape with minimum volume, and without exceeding Von
Mises fluency stress (360 N/mm?) in any element.

The design modd is defined in the following way: Contour
curves are made of three straight lines (RE;, RE, y RE3), one
circumference arch (AR;) and one B-Spline curve (BS).
Tangency condition, perpendicular to symmetry axis, has been
imposed in the curve-axisintersection (figure 2.d).

Six different cases have been studied, depending on the
kind of the BS; curve. A three digit code is used to identify the
case: the first digit makes reference to the degree of the curve
(2 or 3), the second indicates rationa (1) or non rationa curve
(0), and the third is 1 when curve is uniform and 0 if not. So,
the case 210 corresponds to a quadratic, rational, non uniform
curve.

Results of optimization (after 5 iterations), are summarized
intable 1.

CASE| Vi Vo V3 A Vs Ve V7
200 | 1412 1354 1150 1150 400 400 4,00
210 | 1404 1220 1340 1150 400 400 4,00
201 ] 1396 1286 1233 1150 4,00 400 4,00
301 | 13,73 11,82 1506 1150 4,00 4,00 4,00
211 11409 1265 1271 1150 4,00 400 4,00
311 | 1362 11,79 1507 1150 400 4,00 4,00

Table 1. Optimal values for the desian variables (in mm.)

2l F=2810 mm?

01 F=2935 mm?

M F=2855 mm?

In figure 3, the evolution of objective function in al six
casesiscompared. And in figure 4 optimal shapes are shown.

23000 +
21000 +
19000 ~
17000 -
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13000 -
11000 -
9000 ~
7000 -
5000 +
3000 +
1000 1 1 1 1 1

Volume (mm3)

Number of iterations

Figure 3. Evolution of the Objective Function

As can be seen in figure 3, the influence of the design model
on the objective function is not important. But comparing the
different shapes obtained, the influence of design model
becomes apparent. It is specialy remarkable than contours
obtained using quadratic curves (figure 4) are better, form the
point of view of smoothness, than those obtained usign cubic
ones.

The second example shows the posibilities of system
DISSENY in the design of complex structures. So, the image

11 F=284% mm®

200 F=2607 mm*

21 F=284% mm®

Figure 4. Optimal form and objective function values for the six cases under study



shown infigure 5, is a copy of the screen in DISSENY obtained
when a session of optimal design for an electrical transmission
tower has concluded. The design model appears represented in
the great window in the right side. The initial tower appears in
the left side of the window, and final design in the right one.
Some characteristics of the GUI can be highlighted: The color
map in the small window in the lower right corner is associated
with fina design, and shows the violation level of constraint
stresses in dl the bars (the color coding appesars in the figure
like a gray scale). Five of the windows in the left side contain
representation of different evolution values associated to the
process (objective function, variables of geometry, variables of
properties, buckling constraints and dender congtraints). The
other three windows (the lower ones), display sensibilities of
objective function (both the evolution and the present values)
and the senshilities of the most violated congraints, with
respect to every variable. At last, and surrounding al previous
windows, menu bars (up), utility menus (right), and active
submenu (selection menu), are placed.

process, as much as possible. In this direction, use of “safe”
dgorithms is the basis. This means using agorithms, or
concatenation of agorithms (i.e. FSD followed by RQP), that
converge globaly from any initial point, and have liner, or
grester, convergence ratio. The same importance has the
definition of “safe’ default values for the parameters that
control the optimization process. At the same time, a friendly
interaction, to let the expert user tuning parameters, to obtain
more fitting results in amore efficient way, was advised.

The development of design oriented models, instead of
anaysis oriented ones, has been justified because its absence
implies an inconsistent, and inefficient data management, and
even a hogtile interaction. Nevertheless, the design modd, in
the sense of a parameterized, geometric model of the structure,
has some limitations, specialy when it comes to represent 3D
structures. Two approaches are proposed in [29], to overcome
those limitations: &) availability of different types of
geometrical  transformations  (allowing more  complex
parameterizations and linkings), and b) use of “geometrical”
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Figure 5. Screen image, during an optimal design session, in DISSENY .

5 Conclusions

An integrated system to assist in design has been presented,
based on optimization techniques, working in an interactive
way (with a great participation of graphical representations),
and created around a problem-fitting data base.

To increase easiness of use without loosing robustness, we
first proposed automating and encapsulating the optimization

models, like Congtructive Solid Geometry (CSG). And we
emphasize that data bases extending over the whole life cycle
must be considered in this context.

The need of reducing problem sizes has been pointed. And
the advantage of doing so by introducing geometrical and
constructive conditions has been presented. Elements and
properties linking techniques that can be used for this purpose
have been explained. Scaling techniques, applied to better
condition the problems, have a so been described.

At lagt, two examples, showing possibilities of system
DISSENY, have been given.
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