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IMPLEMENTING AUTOMATIC DESIGN
OPTIMISATION IN AN INTERACTIVE

ENVIRONMENT

Hassan Ugail* Malcolm I. G. Bloor! and Michael J. Wilson!
University of Leeds, Leeds LS2 9JT, United Kingdom

In this paper we consider shape optimization using a geometry parameter-
ization that can be interactively specified by a user sitting at a workstation.
The shape geometry is created using a boundary-value approach known as PDE
method which uses information at the boundaries (edges) of the surface to define
and manipulate the shape. Using this design approach enables one to param-
eterize complex geometric shapes using a small set of design parameters. The
variation of the chosen design parameters enable to create alternative configu-
rations of the same design and a suitable optimization scheme then allows to
identify an optimal design with respect to a chosen merit function. In this paper
the method of Simulated Annealing serves as the optimization scheme. Thus, we
show how optimal shapes which are of practical significance can be automatically

designed in an interactive setting.

Nomenclature with
)25 euclidean 3-space f the objective function;
z,y,z cartesian coordinates T vector of n design variables;
0 domain of solution in R2 g vector of p equality constraints;
X(u,v) vector of Cartesian coordinates of the h vector of ¢ inequality constraints;
surface points z; and z,, lower and upper bounds for the de-
X, derivative vector sign variables.
a smoothing parameter The design variables and the constraints form the
D ith positional boundary curve feasible design space
d; tth derivative boundary curve n
CkPi (k=1,2 and i = 2,7y, z), parameterization Z € 1 |y <z <z, gz)=0; h(z) <0, (2)
P of a boundary curve ¢ . hich the trial desi hould i
o’ shear stress at a point 7 of the surface i which the trial design should Le.

Introduction

typical requirement in practical engineering

design is to minimize or maximize an objec-
tive function without violating a set of constraints.
In order to improve a design by applying methods
of computational optimization, it is necessary to
express the design objective and constraints of the
optimization problem by an appropriate mathe-
matical formulation. A general formulation of the
optimization problem can be written as

min{ f(z) | z; <z <z, g(z)=0;

h(z)<0}, zeR", (1)
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Coming up with appropriate formulations of the
design objective and constraints of the optimiza-
tion problem in an engineering application is not
always a trivial task. According to Cohen,* due to
the complex nature of most engineering problems
the choice of the right objective function requires
experience and a fundamental understanding of
the design objectives. Furthermore, not all con-
straints can be easily formulated in a mathemati-
cally correct way for optimization.

In the past, many different approaches have
been taken to perform the actual optimization.
For example, Zeinkiewicz and Campbell'® con-
sidered optimization in terms of successive linear
programming problems. The constraints and the
objective function are linearized about the current
design variable values and this simplified problem
is solved. The result is taken as the new start-
ing design and the process is repeated until no
further improvements can be made. This method
has the advantage of making use of the efficient
linear programming algorithms that are available.
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An alternative approach was taken by Francavilla
et al® and Yoo et al'® where a search algorithm
based on the design sensitivities is used to solve
the full non-linear problem, again in an iterative
manner. For this type of approach to optimiza-
tion, a point worth noting is that the existence
of a fundamental difficulty which arises in the ini-
tial formulation of the optimization problem. For
example, in the above examples, the design vari-
ables were effectively the Cartesian coordinates of
points that boundary curves of a particular form
defining the geometry of the shape were required
to pass through. Thus, there is lack of an ap-
propriate parameterization of the geometry of the
shape.

In their attempts to simplify the problem of
shape optimization, Kristensen and Madsen® de-
scribed the boundary of the geometric model, in
their case the shape of an engine bearing cap, as
a weighted sum of certain specified functions, the
weights being taken as the design variables. Fur-
thermore, Yao and Choi'” adopted the surface
parameterization developed by Bézier for shape
optimization. However, although the surface for-
mulation involved many design freedoms, in the
problem considered the surface was severely re-
stricted which left only a few design variables. The
surface was constrained to bend in only one direc-
tion, effectively being formed by a planar curve
swept without distortion along a straight line per-
pendicular to its plane, and the points defining its
shape only allowed to move in one of three possible
directions.

It has been noted by several authors in the shape
optimization literature that the most important
aspect of shape optimization is the choice of the
design variables to be used and how the boundary
shape is parameterized in terms of these design
variables.®” Choosing too many variables will
considerably complicate the design problem with
severe implications on the computational time re-
quired, and having too few variables may result
in only trivial solutions being obtained.®7 It is
therefore a basic requirement that a wide range
of shapes (which can be defined by a relatively
small number of parameters) are accessible to the
method of optimization used.

In this paper, we discuss how a method for
geometry parameterization known as the PDE
method can be used to set up a practical optimiza-
tion problem. The PDE method can completely
define the geometry of a shape in terms of the
boundaries (edges) of the surface patch along with
a small set of design parameters. Thus, using the
PDE method it is possible to formulate the design
optimization problem by using a small number of
design parameters which can be chosen in an in-
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tuitive fashion making the optimization problem
less complicated. Furthermore, the choice of fewer
design parameters implies that the numerical cal-
culations required to perform the optimization can
be carried out more efficiently.

In the rest of this paper we discuss how the
PDE surfaces can be created and parameterized
interactively. Furthermore, we show how the pa-
rameterized PDE model can be used to setup
the automatic optimization enabling us to obtain
practically significant optimal shapes with respect
to a chosen merit function.

The PDE Method and Geometry
Generation

In geometric design, it is common practice to
define curves and surfaces using some form which
represents the surface parametrically. Thus, sur-
faces are defined in terms of two parameters u and
v so that any point on the surface X is given by
an expression of the form:

X = X(u,v). (3)

Equation (3) can be viewed as a mapping from
a domain ) in the (u,v) parameter space to Eu-
clidean 3-space. In the case of the PDE method
this mapping is defined as a partial differential op-
erator:

LI (X) = F(u,v), (4)
where the partial differential operator L is of de-
gree m. Thus, effectively, surface design is treated
as an appropriately posed boundary-value prob-
lem with boundary conditions imposed on 0f2, the
boundary of Q. The partial differential operator
L is usually taken to be that of elliptic type and
the degree m of this operator depends on the level
of surface control and continuity required at the
boundaries of the surface. The function F'(u,v) is
included for completeness and is generally taken
to be zero.

The PDE method has been discussed before by
a number of different references, e.g. Vida et al,'6
Bloor and Wilson! and Bloor and Wilson.? It has
been shown how surfaces satisfying a wide range
of functional requirements can be created by a
suitable choice of the boundary conditions and ap-
propriate values for the various design parameters
associated with the method.? 415

Interactive Design

For the work described here, and for the ma-
jority of previous work carried out using the PDE
method described elsewhere, the PDE chosen is of
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Fig. 1 Typical PDE surface. (a) The bound-
ary curves. (b) The corresponding PDE surface
patch

the form:

(a_Z a2 8_2>21(u,u) =0, (5)

Ou? ov?

where the condition on the function X (u,v) and
its normal derivatives %—% can be imposed at the
edges of the surface patch. The parameter a is a
special design parameter which controls the rela-
tive smoothing of the surface in the v and v di-
rections.? For periodic boundary conditions (e.g.
0<u<1,0<wv<2n7), apseudo-spectral method
has been developed for the solution of equation
(5) which allows X (u,v) to be expressed in closed
form.?

As far as interactive design is concerned, the
boundary conditions are usually defined in terms
of curves in 3-space. For example, Fig. 1 shows a
typical set of boundary curves and the correspond-
ing PDE surface showing the port of a bifurcated
transfer port of a 2-stroke engine. Here the value
of a was taken to be 1.0100. Note that the curves
marked p; and py correspond to the boundary con-
ditions on the function X(u,v). A vector field

3
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corresponding to the difference between the points
on the curves marked p; and p and those marked
d; and ds respectively, corresponds to the condi-

tions on the function %—% such that
0X
= = (o) - d)] 5, (6)

where s is a scalar. The conditions defined by p1,
po and dy, do are known as the ‘positional bound-
ary conditions’ and ‘derivative boundary condi-
tions’ respectively.!® Note that the surface patch
will not necessarily pass through the curves which
define the derivative boundary conditions.

Interactive Parameterization of Geometry
Model

In this work the definition of the shape geome-
try is carried out using the PDE parameter model
discussed in Ugail et al,'® where the parameter-
ized boundary curves are used to define the shape
of the surface. Essentially, this parameterization
is defined in such a way that linear transforma-
tions, such as translation, rotation and dilation,
of the boundary curves can be carried out inter-
actively. The result of this is that the designer is
presented with tools which enable him /her to cre-
ate and modify the geometry an intuitive manner.

For convenience, the parameterization on the
boundary curves is denoted using the notation cp,
(k=1,2), (i = z,y, z). Here c indicates the type
of curve, with the letter p denoting the position
curves and the letter d denoting the derivative
curves. The index k ranges from 1 to 2 corre-
sponding to the v = 0 and u = 1 boundary edges
(respectively) of the surface. The letter P denotes
the type of parameter: T for a translation, R for
a rotation and D for a dilation. Finally the letter
i denotes the coordinate directions relevant to a
particular type of parameter. Adjustments to the
values of these parameters along with the value of
a in equation (5) can be used to create and ma-
nipulate complex geometries.

As mentioned earlier, the effect of these param-
eters on the surface shape is easy to appreciate.
Table 1 shows the values of the chosen parameters
for d = 1 for the surface shown in Fig. 1.

In order to show the effect of the design parame-
ters we now choose a different set of values for the
parameters for the boundary d = 1 of the surface
shown in Fig. 1. The new values chosen for the
parameters are shown in Table 2 and the resulting
surface is shown in Fig. 2. Note the value of the a
for the surface shown in Fig. 2 is the same as that
shown in Fig. 1, i.e. a=1.0100. Essentially, the
new values of the parameters produced a dilation
followed by a translation which is followed by a
rotation of the boundary curve d = 1. The param-
eters introduced on the boundary curves are varied
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parameter value

dir, 0.000

dir, -0.850

dir, 0.000

dip, 0.771

dip, 0.792

dip. 0.000

dir, 3.138

dig, 0.000

dig. 0.000
Table 1 Values for the design parameters for
the boundary d = 1 of the surface shown in
Fig. 1

Fig. 2 The effect on the shape of the surface
by changing the design parameters correspond-
ing to the boundary d = 1. (a) The boundary
(b) The corresponding PDE surface

curves.
patch
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parameter value

dit, -0.310

dit, -0.850

dir, 0.000

dip, 0.371

dip, 0.792

dip, 0.000

dir, 3.138

dir, 0.000

dig. 0.220
Table 2 Values for the design parameters for
the boundary d = 1 of the surface shown in
Fig. 2

using a graphical interface where the correspond-
ing surface is visualized simultaneously. The spec-
tral approximation method for solving the PDE,
mentioned earlier, is fast enough for the surfaces
to be created and manipulated in real time.

In order to build shapes corresponding to com-
plex mechanical parts, more than one surface
patch often needs to be joined together with com-
mon boundaries enabling to form a composite sur-
face.'®1* The parametric model discussed above
has been extended to cater for such composite
bodies. For example, Fig. 3 shows a bifurcated
port for a 2-stroke internal combustion engine.
This composite surface has been created using
three surface patches, where the final shape was
produced by changing the values of the design
parameters introduced onto the boundary curves
which define the composite body.

Design Optimization

In this section we show how automatic design
optimization can be carried out using the PDE
parametric model discussed above. In particular,
we show two examples taken from a practical set-
ting, i.e., determination of the optimal shape of a
single transfer port of a 2-stroke engine in order
to reduce the size of the adverse pressure gradient
when a gas mixture flows through the transfer port
and the optimal design for strength of a “gravity
loaded” structure by considering the shear stress
within the structure.

As mentioned earlier, a typical design optimiza-
tion problem can be thought of as maximizing or
minimizing an objective function without violat-
ing a set of constraints. There exist a wide variety
of methods for numerical optimization. The choice
of a particular method is problem specific and in-
volves considerations such as the computational
cost of evaluating the function to be optimized,
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Fig. 3 A bifurcated port for a modern internal
combustion engine created interactively.

and also the behavior of the function within the
design space.

For the purpose of illustration we use the
method of Simulated Annealing due to Kirk-
patrick et al.® Here we give a brief description
of the Simulated Annealing and for more details
the reader is referred to Laarhoven et al.'°

Simulated Annealing

Simulated Annealing is a stochastic optimiza-
tion technique in which an initial design is chosen
and the value for the objective function for that
design is evaluated. A new design is then obtained
by varying the design parameters, and the value of
the objective function corresponding to this new
design is then evaluated. If the new design has
a better value in the objective function, the new
design is accepted and becomes the current de-
sign. However, if the design does not lead to an
improvement in the objective function, this new
design may still be accepted with some probabil-
ity. This probability is a function of a decreasing
parameter called temperature, based on the anal-
ogy with the annealing of solids, given by:

_ac
Paccept =e T,

(7)
where AC is the non-dimensional change in the
objective function due to the change in design pa-
rameters and 7' is the current temperature. Dur-
ing the course of the optimization, the tempera-
ture starts out high and decreases with time. The
design parameters are randomly varied leading
to a random exploration of the objective func-
tion space. As the probability of accepting de-
signs which do not produce improvements in the
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parameter initial min. max.
(k=1,2and i = z,y,2)

dy, 0.0 -0.8 0.8
dir 0.0 -0.8 0.8
di.p; 1.0 0.01 3.0
a 0.5 0.01 9.0

Table 3 Initial values and ranges for the parameters
constdered to obtain an inlet port.

objective function decreases, designs tend to get
rejected, allowing the process to converge to an
optimum. The temperature in a Simulated An-
nealing algorithm is controlled by an ‘annealing
schedule’ which consists of an initial temperature,
the number of design parameters involved and the
overall number of temperatures.

Optimization of a Transfer Port of an Internal
Combustion Engine

In this section we show the shape of the trans-
fer port geometry could be optimized in order to
improve its performance. For simplicity, we have
used an objective function based on surface cur-
vature rather than a measure based directly upon
fluid dynamical properties so that the optimiza-
tion takes place on a reasonable time-scale. Ideally
one would like as a measure-of-merit a physical
quantity such as the adverse pressure gradient in
order to try to reduce flow separation. But ob-
viously, this is time-consuming to calculate, and
there is also the fact that it is difficult to verify
the accuracy of calculations of this quantity.

Local curvature in the surface has a strong in-
fluence on separation. Here surface ‘fairness’ is a
critical factor and in most cases, fair surfaces are
desirable in designs where fluid separation is to be
avoided. Therefore, for the purpose of illustration
and to save time we have taken an objective func-
tion based on the local curvature of the surface as
an alternative to a CFD calculation. In particular,

£= [+ watyas, (8)

where &; and &, are the principal curvatures'? of
the surface, was used as a ‘measure-of-merit’ that
was minimized during the optimization.

For the sake of illustration, an initial geometry
was produced using the methods discussed for the
PDE surface. The initial geometry was created in-
teractively, with the intention that its shape would
be such that flow separation would be produced.
This is shown in Fig. 4.

Using the PDE geometry parameterization
model discussed earlier, the geometry of the port
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ALAA-42U0UU-40800

Fig. 4 Initial geometry of the transfer port.

parameter optimal
dit, 0.097
dip, 0.771
dip, 0.792
dip, 0.721
dig. 0.220
dar, 0.165
dap, 0.909
d2p, 0.918
dop, 0.899
daop. -0.172
a 0.864

Table 4 Final values of the parameters correspond-
ing to the optimal design of the transfer port.

was parameterized and the initial values of the de-
sign parameters along with their ranges were then
fed to the optimization routines. Table 3 shows
the initial values and their range for the chosen
parameters. Note that the range specified for each
design parameter (by means of choosing a maxi-
mum and minimum) allows the parameters to be
varied within the specified ranges enabling alter-
native shapes to be created within the design space
automatically.

After several runs and experimenting with the
number of parameters and their range, the optimal
shape found is shown in Fig. 6. Fig. 5 shows some
of the intermediate shapes of the transfer port ob-
tained during optimization. The calculations were
carried out on a PC workstation with a 400 MHz
processor and took about 20 minutes to complete.

The values of the parameters obtained for the
optimal design is shown in Table 4. Note that
the Table shows only the values for those pa-
rameters, which changed significantly during the
optimization. The resulting optimal surface had
a reduction in the chosen merit function of about

5%.

6

Fig. 5 Some of the Intermediate shapes of the trans-
fer port obtained during optimization.

w=l u=0

- Xl

Fig. 6 Optimal geometry of the transfer port.

Optimal Design of an Object for Strength

Next we consider the optimal design of an ob-
ject for strength based on the shear stress within
the structure when the structure is gravity loaded.
The example considered here is the optimal design
for strength of the gravity loaded tower surface
shown in Fig. 7(a). The design objective here is
the minimization of the maximum shear stress.
It is the excessive shear stress which can cause
most damage to the material under consideration
and therefore we are interested in minimizing this
quantity. The objective function for this opti-
mization therefore requires the calculation of the
maximum shear stress that occurs in the solu-
tion for a particular loading. The shear stresses
Ozy, Oz- and oy, are obtained by performing a
finite element analysis of the structure. In this ex-
ample, we carried out the analysis by assuming the
structure to be an isotopic thin shell composed of
aluminum. Details of how the finite element anal-
ysis for a shell structure can be carried out can be
found in Niordson'' and Zienkiewicz.20
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parameter initial min. max.
dyr, 0.0 -1.2 1.2
(k=1,2and i =z,2)

dir, 0.0 0.0 12
dar, 0.0 -1.2 0.0
dyp, 1.0 0.01 3.0
(k=1,2and i = z,y,2)

a 0.5 0.01 9.0

Table 5 Initial values and ranges for the parameters
considered to obtain an optimal design of the tower
surface.

parameter optimal
dip, 0.942
dip, 0.899
dip, 0.979
dap, 0.292
dz2p, 0.310
dop, 0.308
a 0.754

Table 6 Final values of the parameters correspond-
ing to the optimal shape

The maximum shear stress of .  occurring on

any plane through a point p is given by

9)

So the objective function is taken to be the maxi-
mum shear stress occurring in the whole structure,
ie.

Ohax =max{ | ozy |, | 02z |, |0y |}

f= wmax {og (10)

maxJ*

(all points)

As with the previous example of the transfer
port, a parameterization is introduced using the
derivative boundary curves and the smoothing pa-
rameter is considered. Table 5 shows the initial
values and the parameter ranges considered. Note
that the parameterization considered in this case
enables translations and dilations of the derivative
boundary curves.

Once the PDE geometry is parameterized the
optimizer routine is allowed to run. In this case
the optimizer routine produces different configu-
rations in parameter space and the geometry is
varied.

In order to obtain a practical surface a volume
constraint was also imposed, by means of a penalty
function.

With the above settings the optimization pro-
vided favorable range of shapes of which Fig. 7(b)
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Fig. 7 Optimal design of an object for
strength. (a) Initial shape of the tower surface
(b) Optimal shape of the surfaces.

shows the shape of the optimal design. The val-
ues of the parameters obtained for this optimal
design is shown in Table 6. Note that the ta-
ble only shows the values for those parameters
whose values changed significantly during the op-
timization. The resulting optimal surface had a
reduction in the maximum shear stress of about
6%. Due to the extensive finite element analy-
sis calculations, needed to calculate the value of
the objective function for each iteration of the op-
timization, it took a little over 36 hours for the
optimization to complete with the same comput-
ing hardware mentioned in the previous example.

Conclusion

In this paper we have demonstrated how this
particular method for the description of complex
geometries can be used to setup the shape opti-
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mization of practical surfaces. In particular, we
have shown how the PDE geometry parameter-
ization can be implemented to carry out auto-
matic optimization within an interactive environ-
ment. Since the PDE method can describe com-
plex shapes using the information contained at the
boundaries (edges) of the surface patches we intro-
duce an interactively defined parameterization on
the boundary curves. The variation of these pa-
rameters leads to alternative geometries enabling
an appropriate optimization routine to seek the
geometry corresponding to a given merit function.

The examples we have discussed in this paper
clearly shows the capability of the PDE paramet-
ric as a means of automatically varying the shape
geometry of an object. It is our aim to further
improve the parametric model so that automatic
design optimization of complicated practical ob-
jects can be carried out efficiently.
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