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Abstract 

This paper presents an approach to shape optimization that integrates the tasks 
of geometric modeling, design parameterization. design characterization, 
response analysis, sensitivity analysis, and optimization. The developed 
approach integrates the response analysis. sensitivity calculation and 
optimization around the modeling code. All data preparation and post- 
processing tasks can be performed from within modeling software. To interface 
with comn~ercially available software packages. several techniques for using 
existing functions have been developed. Other desired functions have been 
added using command language fimctions, menu customization features and 
external codes. An overview of the shape optimization process is given with 
some design examples, in order to demonstrate the ease and eficiency of the 
developed approach. 

l Introduction 

Traditional steps in computer-aided structural analysis involve the creation of a 
geometric model, constructing a finite element model, performing a finite 
element analysis and using graphical post-processing software to evaluate the 
results. Because they provide a systematic method of searching for the "best 
design" \vithout tn ing  every possible solution. mathematical optimization 
techniques have become an important part of this process. The increased 
interest in using optimization techniques has also spurred the development of 
efficient methods for sensitivity analysis. Sensitivity analysis may be used to 
drive the optimization algorithm or as a separate design tool to provide the 
designer with quantitative data on the relationship betn.een structural response 
and design parameters. 
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Most optimization problems involving the shape and configuration of a 
structure are complex and computationally expensive. Most structural 
optimizatioli problems are solved by: first constructing a geometric model, 
second creating a finite element mesh, and defining the boundary conditions 
using a graphical inodeling package. The data is then translated from the 
modeling package database into one or more input files for the analysis 
software. The analysis and optimization steps are then carried out by linking 
separate a finite element, optimization. and sensitivity analysis codes together. 
This approach has ~ ~ o r k e d  well, but it is relatively inefficient since interface 
programs must be written to link the separate applications and provide for 
comniunication between codes. An additional problem exists in this type of 
approach. Since the model geometry is usually available to tlie analysis and 
optimization software only in tlie form of the finite element mesh. desired 
shape changes are controlled by defining arbitrary basis shape functions which 
are assigned to groups of nodes in order to control the nodal coordinate 
locations. This process has two undesirable aspects. The first is the additional 
requirement of defining a number of suitable basis shapes, which will not only 
control the shape of the structure but also avoid distorting the finite element 
mesh as the shape is changed. Once the basis functions have been selected, the 
appropriate con~bination of control parameters must bc determined and then 
linked to the desired groups of nodes. The second problem is that changes 
made to the meshed finite element niodel are not reflected in the geometric 
model, which was used to create it. If this model is to be used for other tasks, 
i.e. the generation of numerically controlled (NC) tool programs, the optimized 
shape data must be converted. To solve structural optimization problems 
efficiently, both in terms of human and computer resources, traditionally 
independent areas need to be integrated. These areas are computer graphics 
and computational geometry; response (deformation, stress, frequency) 
analysis. sensitivity analysis, and numerical optimization. 

In this paper it is shown how the processes of model geometry. design 
parameterization, analysis, and optin~ization control can be defined and 
implemented using an esisting geometric modeler. namely PATRAN from 
MSC Software. The response analysis, sensiti\.ity analysis, and optin~ization 
capabilities are provided by a developed multi-purpose code FESSOP (Finite 
Element Structural Sensitivity analysis and Optimization Program). This code 
has been designed to work directly with the graphics package's modeling 
database. This approach has several advantages over linking separate codes for 
shape optimization. The developed code contains all desired analysis and 
optimization functions and has been designed around an existing database, 
there is no need for interface programs, translators, separate databases, or 
separate input data and control files. All model and control data is obtained 
directly form tlie modeling database or a small auxiliary ASCII data file. This 
file contains execution control data such as type of analysis, algorithm 
selection, convergence criteria and iteration limits. Another advantage of this 
approach is that it takes advantage of the networked workstation environn~ent. 
The computationally intensive tasks of response and sensitivity analysis can be 
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delegated to a norkstat~on wlnle a less ponerful processor manages the 
interactive user Interface Since tlie inodeling database can be nritten in ASCII 
format [ l] ,  the compute server need not hare the same operatmg s)stem 

2 Design parameterization 

The concept of the design element has been used as a means of unifjing the 
geometric, design and analqsis data. Bralbant and Fleuq[2] Wlth this 
approach, the structure's geometric inodel is dirided Into a relatirely small 
number of reglons. nhich may or maj not ha\e changeable boundaries. as 
shown In F~gure  1 The reglons having inorable boundaries are designated 
design elements The finite elements, wlnch make up the analqsls inodel are 
defined W h i n  the paraineterlzatlon of these design elements and are 
determined autolnatically as the design elements are shaped Tlns approach 
provides a convenient and efficient nay to describe the design model The 
drawback of using this m e  of representation of the design model for a non- 
integrated approach 1s that preprocessmg softnare has not let  direct11 
iinplen~ented this ~ d e a  and thus model creation 1s somenhat clurns? and 
tedlous Also preprocessmg packages do not support the preparation of all data 
required to control optiinlzation and sensltn IQ anal) sis algorithms 

Figure 1. Typical design element and associated analysis model 

Design 
Element 

Surface Patch 

Control Pouit 

0 

\ 
There are several approaches that may be taken to address this problem. The 
first is to develop modeling soft~vare from scratch with moderate capabilities. 
Chen [3]. Although this allows a maximum of integration the programming 
effort of the modeling software is prohibitkre for the solution of general large 
problems. Another alternative is to create a separate software package which 
has a user interface, interface programs and translators to provide the necessan 
links and additional input data required to integrate the individual graphical. 
analysis and e\.aluation software packages as in Stone, Santos. and Haug [4]. 
The approach taken in this work is to use the application development tools 
that accompany a con~mercial software package in order to add and integrate 
the desired data preparation. analysis. and optimization functions This 
approach eliminates tlie costs associated wit11 the inter-process communication. 
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186 C'o~irprei. ltded (Iptitirwiz De5igi1 of \ r m ~ ~ w e \  I l /  

dupl~cat~on of stored data, repeated calculat~ons. and manual preparation of 
data. 

Figure 2 .  Integrated design environment. 

Model Preyeration 
& 

Analysis Control 

Evaluation 

Analysis 
& 

Oy timization 

< > 

The overall process is illustrated in Figure 2. The designer first creates the 
design model data. This phase includes the creation of the geometric model; 
the selection of the shape and response parameters, which will be used if 
sensitivity analysis or optimization is desired; and the generation of the initial 
finite element model. Analysis and optimization options are then selected and 
the analysis is performed. After the analysis is con~pleted. the solution data is 
viewed using PATRAN's post-processing functions. If desired. changes may be 
~ n a d e  and the process repeated. 

Database 

3 Design model preparation 

To define the shape design model the following task must be performed: 
1) Create model geometry 
2 )  Define design elements. 
3) Select shape control parameters 
4) Set the move directions for control parameters. 
5) Set move limits for control parameters. 
Step 1, represents the normal process of creating a model for finite element 
analysis and is supported directly by PATRAN. The remaining tasks must be 
achieved using PATRAN command language (PCL) 151, and external 
programming. These extended functions can be made available to the designer 
through the menu Shape Design, which has been added to the standard 
PATRAN menu system. This enhanced system is shown in Figure 3 along with 
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the geometric model of a torque arm. which is used to demonstrate the model 
creation, analysis. optimization. and evaluation steps. The surface patches that 
represent the interior domain, of the torque arm and entity labels, have been 
hidden for clarity. Sub~nenus of the Shape Desigr7 menu allow access to the 
extended functions required to implement model creation steps 2 through 5. 

Figure 3. PATRAN modeling environment 

' I -  I 
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PATRAN's model database is based on representing all curves, surfaces 
and volumes via cubic Hermite polynomials. Thus. lines, arcs. and spline 
curves are converted into individual cubic Hermite curve segments before being 
stored. Surface constructs are likewise converted into Coons patches using the 
cubic Hermite shape functions. For finite element analysis. this is a simple and 
flexible way to store geometric data since there is no direct relation needed 
between the descritized finite element model and the geometric shapes that 
produced it. For shape design however. this creates a number of problems. In 
this form, it is difficult to maintain more then c1 continuity between connected 
line segments. Hermite cunTes are also not suited for interactive shape design 
since curve and surface shape depends on both control vertices and parametric 
slopes. The non-intuitive relationsliip between variations in slope and the 
resulting entity shape make them difftcult to manipulate directly. Also. if an 
edge is generated using B-spline, parametric cubic spline, or Bezier options, 
the connectivity of the Hermite curves that are generated is not stored, nor are 
the control vertices directly related to the generated cunres unless they are 
coincident with the knot points. A similar problem exists for B-spline. Bez~er. 
and cubic spline surfaces since these are all converted to individual Coons 
patches. 
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The additional information required to define these curves can be included 
in the database by using PATRAN's NAME feature [6]. The NAME command 
creates an entry into the model database containing the name of an entity set 
and a list of associated entities. To maintain the definition of the curves and 
surfaces, a name set can be defined containing the various entities required to 
define the particular curve or surface. i.e. control grids, knot grids, line 
segments, surface patches. When an edge or surface definition is needed, the 
database can be queried for the appropriate named set. This approach has an 
additional advantage, since it also allows the linking of different curves into a 
single boundary nit11 discontinuities. Edge curves are designated b\. the key 
name EDGE followed by an integer id number and Qpe code. The P-spline 
formulation, Bartels [ 7 ] ,  is not offered by PATRAN, it has been added as an 
extended feature. Using this convention for edge representation. an entry for 
the upper edge of the torque arm boundary, shown in Figure 1. which is 
represented by a B-spline can be created manually by placing the entities in the 
active set. 

This process can be automated through the user defined menu commands 
and PCL programming. The Slape Design menu contains two sub-menues 
shown in Figure 5 .  The first, Desigt? Xfodel: contains tlie fi~nctions associated 
with building the design model. This menu is shown in Figure 6. Options 1 
and 2 of this menu provide for the definition of edges and surfaces. 

Figure 1. B-spline representation of torque arm edge 

Figure 5. Shape Design Menu 

WINDOW VIEW SET/SHOW PLOT Shape Design 

The designation of the design element in Figure 6 is accomplished by using 
option 3 of the Design hfodel  LleJnltion menu. The information for each 
design element is stored in tlie form of named sets. which contain the entity 
information required to link edge and surface patch data to the node and 
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element tables that are generated when the finite element analysis model is 
created. The information in these sets is used in the calculation of sensitivih 
data and to update the analysis during shape optimization. 

Once the moving boundaries of the model have been defined. the nest step 
in the design model preparation is to select and define the shape design 
variables associated with each changeable boundary. The design variables are 
again defined in the database by a named set consisting of each control grid 
that is allowed to move. These narned sets carry tags. These may be indicated 
by individual entries or based on boundary cuwe selection. Since the design 
variables are defined at the geometry level instead of the descritized system 
level. there is a direct correspondence between the design parameters and the 
model geometry. The advantage of this is twofold. This approach eliminates 
the selection of basis functions to control nodal coordinates since the shape of 
the design is controlled by the para~netric equations of the geometric model. 
Thus the basis functions used are the c u n e  or surface representations chosen to 
describe the model. Because the designer is free to choose from a variety of 
geometric description this approach allows great flexibilie. Also. since the 
design variables control the shape of the cunres and surfaces the designer need 
not lvorry about n41ich nodes are affected. This information is maintained in 
the database and tlie finite element model is updated auto~natically as tlie 
design changes. 

Figure 6. Design model definition menu 

L 3::abl '~ 

V e c t o r s  

Associated with each shape \.ariable is a vector. which controls the direction of 
movement. These shape vectors are determined by: the coordinates of the 
control grid, and the associated grid point. These grid points are defined in the 
database by named sets. As nit11 the shape variables. the move vector grids may 
be assigned individually or associated with the corresponding boundan. Option 
3 of the menu provides these functions. 

For sensiti\.ity analysis only. the preceding step is the last. However if 
optimization is to be performed. then side constraints must be defined on the 
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design variables. These constraints are imposed by a pair of girds on either side 
of the design variable. past which the control grid will not be allowed to move. 
This information is stored in the database and is generated using option 5 .  

Once the design model has been defined. the creation of the initial finite 
element analysis model is performed in the usual manner. 

4 Analysis and optimization 

To provide the analysis and optimization capability. the package FESSOP was 
developed. In addition to the calculation of weight. displacement and stresses. 
FESSOP has the capability to perform first- and second-order sensitivity 
analysis of weight, displacement, stress: and Mises stress using both the direct 
and adjoint methods. Specific for~nulation and implementation details can be 
found in Zumwalt [S]. Displacement sensitivities are calculated at the finite 
element nodal points. The stress sensitivities are calculated at the Gauss 
integration points, the element centroid. or at the nodal points. FESSOP also 
directly incorporates two optimization methods. Robust Feasible Directions, 
Vanderplaats [g], and Sequential Quadratic Programming using Quadratic 
Constraints, Zumwalt [S]. The analysis and optimization functions are 
controlled through the provided menu options. 

Figure 7. Analysis and optimization menu 

WINDOW VIEW SET/SHOW PLOT FESSOP 
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The code obtains all geometric and analysis data form the PATRAN 
database as described in the previous section. Execution of this phase takes 
place asynchronously so that the designer is free to perform other tasks. 
Depending on the options selected FESSOP produces evaluation data native in 
PATRAN formats. Thus there is no need for the nuisance of translating from 
other output formats. If optimization was selected, the code also produces a 
new database containing the updated model. 
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Access to the analysis and optimization c a p a b i l i ~  is p ro~ idc  by the second 
menu option of Figwe 3. The FESSOP menu option contains extended 
functions for the selection of analysis type, i.e. response only. response and 
sensitivity, or optimization. This inenu is shown in Figure 7. 

The first inenu option Response allows the selection of response 
calculations to be made. Available options include weight, displacement, 
element centriod stress. average nodal stress and Mises stress. The option 
Sensitivity provides for the selection of first-order only or first- and second- 
order sensitivity calculations of various response measures. The Optrt7iizatior1 
menu allows for the selection of optimization algorithm. constraints. and the 
input of control information. Once the desired analysis options have been set. 
analysis starts by choosing E.xecute form the menu. 

5 Output and post processing 

The PATRAN soft~rare package has a xariet~ of post-processing function for 
the plottmg data. deformed geometrles and contours These functions can be 
used to perform the folloming el aluation fimct~ons 
1) View opt i~n~zed shape 
2) Defor~ned geometn 
3) Stress contours 
4) D~splace~nent sensitlviQ contours 
5) Stress sensitikity contours 
An eva~nple of these functions is shonn if Figures 9 of an optimized shape of a 
torque arm test case 

Figure 8. Display of optiinized shape 

L.. 
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6 Conclusions 

This paper presents an approach to provide the shape optimization capability in 
an integrated manner. The individual stages of the structural design process, 
from model creation through final evaluation have been implemented so that 
all tasks can be performed from within a single interactive graphical 
environment. The consistency of environment and total integration of the 
analysis and optimization tasks makes this package an efficient and easy to use 
tool for structural shape design and optimization. 
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