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SUMMARY
Designing a complex product requires a multidisciplinary approach from design to
manufacturing. Engineers often face alternatives and trade-offs during the design process
to achieve better products. Facilitating information flow in an engineering system among
various disciplines has a significant effect throughout the design process. With
increasing product complexity, tools that automatically search for an optimum design
among a myriad of alternatives become increasingly necessary. The challenge 1s the
management of diverse product types, analysis disciplines, and optimization methods and
tools. The modeling process which transforms a detailed product design and analysis
models into an optimization model is a non-trivial task requiring large amounts of
information, engineering theory, and experienced-based heuristics, as well as the support
of multi-fidelity optimization and analysis models. This research views engineering
optimization as an information-intensive problem that requires engineering information

solutions.

This thesis has focused on developing a new information representation of optimization
models, termed Enhanced Optimization Model (EOM), during design progression.
EOM represents an information framework for an object-oriented design methodology

for optimization model construction, enhancement, classification and solution.
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EOM utilizes a combination of constraint graph and object techniques to provide
semantically rich mappings and increased flexibility among models, methods and tools

for design, analysis and optimization.

The EOM representation consists of an information model structure and protocol
together with modeling languages for creating EOM objects. Specifically, EOM is an
information representation that partitions the optimization area to achieve more trackable,
reusable, flexible and modifiable objects. Key distinctions are the explicit representation
of associativity between an optimization model and its analysis and product models, as

well as the ability to capture multiple fidelities of optimization models.

An EOM prototype has been developed and implemented in the Java programming
language in conjunction with optimizers (Bolink, CONMIN etc.), analyzers (Ansys FE)
and symbolic solvers (Mathematica). Structural analysis and electronic packaging test
cases illustrate the different characteristics and help to evaluate the EOM representation
with respect to the thesis objectives. Results show that the EOM enhancement capability
enables designers to capture optimization model building information and modify the

models easily.
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CHAPTER 1

INTRODUCTION

Designing a complex product requires a multidisciplinary approach from design to
manufacturing. Design engineers often face alternatives and trade-offs during the design
process to achieve better products. Facilitating the information flow in an engineering
system among various disciplines for alternative models, methods and tools has a
significant effect throughout the design process. When complex products become even
more complex, tools that automatically search for an optimum design among a myriad of

alternatives become increasingly necessary.

The optimization problem is often treated as finding the minimum in a fixed design

space. In practical cases, however, the landscape is anything but fixed. New constraints

are identified; analyses are modified; and new technologies may become available during
the design process. This is especially true when optimization is used for design, as the
optimizer often tends to exploit errors or omissions in the analyses or problem

formulation. Most work on optimization ignores the evolution of design complexity,

dealing instead with the problem of minimizing a specified function with respect to a
specified set of design parameters. Yet, the most compelling examples of complex
system design, such as those provided by nature, are the result of a design process that

includes varying complexity as a fundamental characteristic. Recent work suggests that




methods which permit this change in design complexity can be more efficient and can

lead to surprising results. Additional work in this area is needed [Kroo, 1997].

The main aim of this research is to develop an object oriented paradigm for optimization
models to facilitate the design process. This thesis presents research that seeks to
manage the design complexity in the context of optimization model construction,
enhancement, classification and solution by utilizing engineering information
techniques. The product of this research is a methodology, called Enhanced
Optimization Model (EOM) to develop a knowledge representation for optimization
models. Particular emphasis is given to optimization model building with product and
analysis specific information, optimization model enhancement and automated
optimization capability. EOM has been developed to handle a diversity of analysis
models, optimization models, methods and tools in a variety of products. EOM is
represented in such a way that the solution of the optimization problem can be obtained

by using existing computational tools which are integrated into an information

framework.

Chapter 2 describes the background and related research about design optimization and
engineering information management. In Chapter 3, the identification of the gaps is
addressed together with the desired characteristics of the Enhanced Optimization Model
(EOM). Chapter 4 describes the EOM Representation, which consists of an information

model structure and protocol, and modeling languages for creating EOM objects.



Implementation of EOM concepts is presented in Chapter 5. EOM Tool prototype has
been developed and implemented in Java in conjunction with representative optimizers
(Bolink, CONMIN etc.), analyzers (Ansys FE) and symbolic solvers (Mathematica).
Test cases are illustrated in Chapter 6. For that purpose, three applications associated
with (1) aircraft flap link, (2) PWA solder joint fatigue life and (3) ten-bar truss
optimization have been used to illustrate the different characteristics of EOM. Chapter 7
summarizes an evaluation of the EOM representation with respect to the thesis objectives

stated in Chapter 3. Chapter 8 describes the contributions of this research, recommended

future research and the conclusion.

1.1 Information Integration for Optimization

Optimization-Analysis-Design integration requires information intensive mapping among
design, analysis and optimization models.  In this thesis one of the emphases is
establishing a formal associativity between optimization entities and analysis and design
entities. Design to/from analysis integration has been extensively studied in the last

decade. Here, the emphasis is the associativity with respect to optimization.

The data required for optimization spans multiple design and analysis information
sources to establish an optimization model that can be performed to obtain desired
results. As the product requires multiple interactions, management of the data

(searching, retrieving, linking etc.) becomes challenging.



Optimization of most of the complicated products requires CAD-CAE tools. For
instance, the solder fatigue life analysis of a PWA can be done using FE analysis tools
using information from design and analysis data. Optimization of solder fatigue life
involves the transformation and interaction of design and analysis data into the
optimization model. Another example is the optimization of a mechanical component;
this requires information about FE analysis, the geometry of the component and the
properties of the material of which it is made. Integrating the information from multiple
sources requires a significant amount of engineering knowledge, which needs to be
captured explicitly if the data transformations among optimization, analysis and design
are to be automated. Additional control parameters may be required to perform

optimization. Meanwhile, additional data may be needed to perform analysis and design.

Association links of EOM Representations basically perform mappings among

optimization, analysis and design objects. Multi-directional information flow is needed

to transform information from one end to the other whenever necessary.

1.2 Enhancing Optimization Models during Design Progression

Depending on the stage and the requirements, various fidelities of engineering models
can be used to evaluate the product being developed. Figure 1-1 shows a flap link
example that has been used in the prototype development. Enhanced optimization
models are developed in conjunction with various fidelities of analysis and design models

during the design progression. Flap link optimization models are enhanced by adding or



subtracting objectives, constraints and design variables as seen in Figure 1-1.
Optimization models are constructed by defining the optimization parameters and

associating them with the analysis and design data.

Multifidelity
Optimization Problem

‘ Optimization 1
Min Weight
1D Constraint 1: axial stress

_ p | Tension | Design Variables; h, w
I ' — 4—[:_-}—-> Analysis \
- Optimization 2
Component /

Pnsmatlc Truss

Idealized @ Analysis
_o.m.n.o.usm

Min Weight
Constraint : axial stress
Multi-fidelity Design Variables;mat, h,
w Idealizations
\ Optimization 3

: Min Weight
Tenslon Constraint :Max siress
Anal |s .
Half fink S Design Variables;tw, wf

4

Min Weight
Constraint :Max stress
Design Variables;tw tf, wi

Figure 1-1 Enhancement of Analysis- Optimization Integration

1.2.1 Multfidelity Product Structure:

In some cases, much of the product data representing the final design is not used in
optimization models. Often, optimization and analysis models do not need all the
detailed geometry and material information. Therefore, the product is simplified. The
same design model may be used at a different level of abstraction based on the analysis

and optimization model fidelity. For example, Figure 1-1 illustrates two views of the flap



link; one view provides the I-beam link and the other provides a more detailed half of the

flap link to be used in the optimization and analysis.

1.2.2 Multi behavior Analysis:

A variety of analyses and their responses are utilized for a variety of optimization models.
Each mode requires an analysis application to predict the effects and responses of the
system. For a given mode, an analysis may be performed using several solution methods
(e.g., formula-based, finite-element analysis, etc.) at multiple levels of fidelity. The
information requirements vary from one analysis and solution tool to another. The choice
of a particular combination of analysis models and solution methods will depend on the

level of accuracy desired and the computer resources available.

This chapter has introduced the problem area. Specifically, EOM representation is
developed as an information representation by focusing on the optimization aspect to
partition the optimization area and to make it more trackable, reusable and remodifiable.
The key distinctions of this research are the explicit representation of associativity links
of optimization domain to analysis and product models, as well as the enhancement
ability to capture optimization model building information, to modify the models easily,
and to provide flexibility to designer. The next chapter introduces the background,
literature survey and ongoing research in the integration between optimization and

analysis-design area.



CHAPTER 2

BACKGROUND AND RELATED RESEARCH

This chapter gives a brief overview of optimization and analysis. Before explaining the
thesis work, a literature review was conducted on object oriented approaches to analysis-

optimization to determine the status of related research in this area.

2.1  Backeground: Optimization and Analysis

Analysis can be used to find the response of a given design during the loading conditions.
Conversely, design optimization performs in the reverse direction, determining the design

that achieves the desired performance as shown in Figure 2-1.

Design

. Response
| Analysis . \
Loading Function of Design Variables
—

Design | Optimizationf«——Loading

Figure 2-1 Optimization and Analysis
A change in design may impact several types of performance (behaviors). Everything

needs to be considered at the same time during the optimization. For instance, modifying



the height of a fin in a heat sink affects heat transfer, cost, manufacturing disciples and so

forth.

The engineering design process is also iterative as seen in Figure 2-2 with a heat sink

parameter design example [Cimtalay and Fulton, 1994].

Heat Sink l
$ ]

New {t,S,L,V,H}
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Figure 2-2 Design - Analysis - Optimization Process
It demonstrates how design, analysis and optimization fit together. After the design is
created, analysis is performed to check performance and response, and how it conforms
to design requirements. If the response and performance of the system is inadequate or
unsuccessful, designers modify the design and perform reanalysis. The design process is
time consuming and costly. Design optimization performs the same modification, better
and faster, in an automated fashion. If analysis models and tools are easily obtainable,
design optimization can usually be applied to those disciplines/cases easily. Those tools
(analyzers) are used in some cases as black-boxes in design optimization. For instance,

FE (Finite Element) analysis is a well-developed method and many tools are available in



engineering practice. FE analysis is considered as a black box and its results are used in

optimization model [Esping, 1995].

Within the design concept, there are variables which specify the dimensions, proportions
and other details of a product or system to be designed. Optimization consists in the
selection of these values in such a way that the design will be the one that satisfies all the
limitations and restrictions placed on it and is best in terms of cost, weight or other
performance criteria (figures of merit). Some of the other definitions of design

optimization are given in [Haftka, 1990], [Bloebaum, 1991] and [Wilde, 1978].

During engineering design optimization, design variables are selected. Then objective
function and constraint functions are formulated in terms of the design variables. Finally,
minimization /maximization of the objective function subject to the constraints yields
successive solutions. The whole process is referred to as design optimization. The
design variables are the parameters which describe the system that should be optimized.
During the design optimization, improvements to those variables are computed by
optimizers in such a way that improvements to the objective function values are achieved
while satisfying the restrictions imposed on the system. Optimization problems can be
formulated mathematically as an explicit or implicit function of the design variables.
Some upper or lower limits are applied on functions which are known as constraint
functions. Limits applied to the design variables are known as side constraints. If all the

design variables satisfy all the constraints, then the design is in the feasible region, if one



does not then it is in the infeasible region. The design variables can be determined by an
optimization procedure. For instance, in structural optimization, it is common to
minimize the weight of the structure subject to stress and/or displacement restrictions
[Kamat, 1993].

The general single optimization problem can be formulated in the following
mathematical form.

Maximize/ Minimize

The objective function, measure of the system performance
f(x,p)

X, Vector of independent design variables

p, Vector of constant design parameters

Subject to
System constraints for the solution to be feasible
hixp)=0 i=1,...,k

g, (x,p) 20 i=n+l,....,1
Side constraints
Lower and upper bounds on the system

Xiow SX S X, j= 1l
Besides the above fundamental mathematical description, there are many different ways
to describe the mathematical model. Classification of those mathematical models is
based on abstraction and usage of the engineering problem to be optimized. Some
examples of those mathematical models include a multi-objective approach (goal

programming) and multidisciplinary optimization [Balling et al., 1997].
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As a design gets more complicated depending on the stage and detail and, where specific
and limited scope is not adequate, a transition from design optimization to

multidisciplinary optimization is necessary.

2.2 Design and Analysis Integration Review

[Bernett et al., 1997] briefly categorizes the integration of analysis and design into a
single unified disciplinary design process for vehicles. The authors categorize the focus
of the papers they review as:
1) How to employ, coordinate and control existing analysis and design
techniques in disciplinary design environments.
2) How to store, maintain and share analysis and design related data for different
disciplines.
3) How to coordinate and control design decisions affecting more than one
discipline.
This paper is the about general framework from the design stage to the manufacture stage
for cars. It mainly contains high level information without going into the details during

the design progress. It lacks any optimization aspect of the research.

A group of people, in collaboration with the NASA Langley Multi Disciplinary
Optimization group, is developing a general distributed computing system named FIDO
(Framework for Interdisciplinary Design Optimization). This system is a programming

environment for executing multidisciplinary computations on networked heterogeneous
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clusters of workstations and parallel computers. This work is still in progress
[http://fmadwww.larc.nasa.gov/mdob/]. The framework enables analysis and
optimization tools to perform optimization and was originally developed as a system that
could effectively distribute time-consuming analyses among various platforms including
super-computers. A High Speed Civil Transport design has been adopted from FIDO and
1s implemented in IMAGE [Hale, 1996]. This research is focused on the development of
an open computing infrastructure that facilitates Decision Based Design, Theory of
Languages, Information Science, and Integration Technology.  An architecture for
exploring design called DREAMS (Developing Robust Engineering Analysis Models and
Specifications) has been developed which supports the activities of both meta-design and
actual design execution. In addition, a software infrastructure that embodies these
concepts was developed and is called IMAGE (Intelligent Multidisciplinary Aircraft
Generation Environment).

Product Model-Based Analysis Models (PBAMs) represent engineering analysis
models and include linkages to product model design information [Peak and Fulton,
1993]. They have been presented as highly automated analysis modules for designer
usage. Via solder joint fatigue models, it has been shown that explicit design-analysis
associativity linkages enable seamless interfaces to solution tools (e.g., finite element
analysis systems) [Peak et al., 1995]. PBAMs perform routine analysis by linking
detailed design models with analysis models of varying complexity and application.

The user selects a PBAM from the catalog. Then, required product and analysis
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entities are connected to the selected PBAM. The creation, execution and interaction

of submodels within the analysis are done automatically.

[Cimtalay et al., 1996] added an initial optimization capability around PBAMs
creating two alternative optimization models and solving them based on an
Engelmaier fatigue life analysis model obtained from a PBAM catalog. An
optimization agent becomes the “user” of the PBAM in the preceding scenario and
employs the PBAM to obtain analysis results. The optimization agent automatically
determines PBAM inputs and judges PBAM results. EOM is an extension of this

early work.

2.3  Analysis and Optimization Integration

This section reviews the research on optimization analysis and design integration.

Analysis-Optimization Integration (Object Oriented Approach) Review

The work of [Eldred et al., 1995] is based on creating an object oriented software using
C++ for application of optimization techniques to broad classes of engineering
applications. Their work, defined as object oriented software design with C++, has been
adopted as a tool to establish the protocol for wrapping parameter optimization around
computationally-intensive simulations. They applied optimization in heat transfer and
nonlinear solid mechanics. The basic goal of this paper was to utilize a broad class of
computational methods by providing them with a general optimization capability. The

paper illustrates how to interface different optimization and analysis tools in an OO
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environment. It is categorized in the optimization-integration area of the research. Its
main aim 1s to wrap the software tools, interfacing in a heterogeneous environment with
different machines and tools. But, it lacks the higher level information content in
analysis and optimization model creation from a product specific point of view and lacks
the ability to enhance of those models or support alternative models. In other words, it is
static for the given model situation and doesn’t support the progress in design or detailing

of the analysis and optimization models.

Another paper describes Integrated Intelligent Optimization (IIO) Software System,
which has been developed [Cha J. et al., 1992] and is based on techniques of intelligence
engineering. The authors' goal was to establish an environment for automatic processing
on optimization models on the prototype level. The system they created (I1O) consists of
a meta system, a toolbox and seven subsystems (preprocess, algorithm selection,
parameter settings, process monitor, error analysis, sensitivity analysis and counter
graphics). Their toolbox contains software tools shared by subsystems, such as IE
(Intelligence Engineering) and KB (Knowledge Base Manager). In this paper, there are
many ideas, tools and techniques on an abstract level. It is not obvious how the expert
system performs the management capability or how the system components fit together
and are implemented. It does not support the model enhancement capability for design

Progress.
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The paper written by [Fujita et al., 1992] uses planar link mechanism optimization with
an object oriented capability. In this paper, an optimal shape design system for planar
link mechanisms is developed using an object-oriented modeling technique. In this
system, link mechanisms are represented using an object-oriented modeling technique
based on their graph representation. The formulation for optimal design is performed
automatically. The system has effective user-interface functions for setting initial shapes
of mechanisms and showing results of optimization calculations. The techniques used in
their system object oriented representation; symbolic programming techniques and an
algebraic programming language are applied to generate an automated optimization
model. The focus of this paper was preliminary the optimal shape design of planar link
mechanisms and the automation of the tools to achieve optimum design of the

mechanism.

[Kodiyaman et al., 1994] uses optimization with a finite element code and an object-
oriented approach for satellite structure applications. They found that OO provides
powerful mechanisms for advanced mechanics of satellite structures. They developed a
software system for optimization system called SAT-OP in General Electric Co. to
address the optimization of satellite structural subsystems. It discusses a software system
being developed which is based on a combination of finite-element analysis using
NASTRAN, numerical optimization, approximation concepts, and object-oriented
technology. Two examples were illustrated: a honeycomb panel with doublers and

satellite structural subsystems. The examples are limited to single level optimization of
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subassemblies within the satellite structural subsystems. Also, it does not support various

disciplinary systems although they refer to it as a recommended work.

The CWP Object-Oriented Optimization Library (COOOL) consists of a collection of
C++ classes implementing a variety of optimization algorithms. COOOL was developed
at the Center for Wave Phenomena, Colorado School of Mines. A set of optimization
tools in the library helps the user select proper optimization algorithms for a given model.
The motivation was to collect optimization routines in a library, establish a programming
environment for rapid development of new algorithms and establish a new test bed. This
work is mainly focused on geophysics. It is primarily a collection of optimization
algorithms, and it does not support product specific information or model enhancements

during the design process.

[Tiller et al., 1996] used the ideas of OO design and divided the optimization problem
into three distinct entities: the simulator (analyzer), the optimizer and the problem
specification. They interact through a formal protocol. The main purpose of this paper
was o utilize analysis information and sensitivity analysis and numerical optimization

flavored with OO concepts.
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2.4 GIT Research at the Engineering Information Systems Laboratory: Design-

Analysis Integration

This section overviews the design-analysis_optimization integration research activity at
the Engineering Information Systems Laboratory (EIS Lab) at the School of Mechanical

Engineering of the Georgia Institute of Technology.

The research in EIS Lab has been mainly focused on the design-analysis integration area.
EIS Lab has been participating in several industrial projects on design-analysis
integration. This subsection overviews some of these research efforts that contribute to
leverage the development of this thesis, which is the first major effort in the lab towards

optimization integration.

2.4.1 The Multi-Representation Architecture (MRA)

[Peak et al., 1993; 1998] developed the multi-representation architecture (MRA,
Figure 2-3), a design-analysis integration strategy that views CAD/CAE integration as an
information-intensive mapping between design models and analysis models. Peak argues
that the gap between design and analysis models is too large for a single general
integration bridge; Peak therefore divides the MRA into four information representations
that act as stepping stones between the design and analysis tool extremes. These four
information representations are: solution method models (SMMs), analysis building
blocks (ABBs), product models (APMs), and product model-based analysis models

(CBAMs).
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Figure 2-3 Multi-Representation Architecture for Design-Analysis Integration

On the right extreme of the MRA (Figure 2-3) are solution method models (SMMs)
representing analysis models in relatively low-level, solution-specific form. SMMs
combine solution tool inputs, outputs and control into a single information entity (an
object) to facilitate automated solution tools access and results retrieval. SMMs are
object-oriented wrappers around solution tools (e.g., FEA systems) that utilize an agent-
based framework to obtain analysis result in a highly automated manner. Analysis
building blocks (ABBs) represent engineering analysis concepts in a manner that is
largely independent of product application and solution method. ABBs obtain results by
generating SMMs through transformations (labeled sgg®smm) that are based on solution
method considerations. Product Models (PMs, on the left extreme) represent detailed,
design-oriented product information. A PM is considered the master description of a

product which supplies information to other life cycle tasks, including engineering

18



analysis and manufacturing. To enable usage by potentially many analysis applications,
PMs in the MRA go beyond their traditional role and support idealizations that relate
detailed, design-oriented attributes with simplified. analysis-oriented attributes. Finally,
product model-based analysis models (PBAMs) contain linkages (labeled py®agp)
that represent design-analysis associativity between PMs and ABBs. These associativity
linkages indicate the usage of idealizations for a particular analysis application. PBAMs
can be used to create catalogs of ready-to-use analysis modules for applications such as

solder joint deformation and fatigue, PWB warpage, and plated-through holes [Peak

1993; Peak and Fulton 1993b; Peak, Scholand et al., 1996].

From the MRA viewpoint, providing solutions to the design-analysis integration problem
involves defining these four representations (SMMs, ABBs, PMs and PBAMs) and two
inter-representation mappings (aps¥smm and pm@ass). The MRA achieves flexibility by
supporting different solution tools and design tools, and by accommodating analysis

models of diverse discipline, complexity and solution method.

[Cimtalay, 1996] introduces an optimization technique closely integrated with the MRA.
In this technique, modular software entities called optimization agents use the analysis
results obtained by PBAMs for design optimization, by plugging them into the objective
and/or constraint functions of its internal optimization model and obtaining new design
variables needed to reduce the objective function. These new design variables are fed
back into the product model and the process is repeated until the objective function value

converges. This technique enables a closed-loop process that improves designs by



meeting some selected criteria and constraints. The designer can choose the proper
optimization agent based on the complexity of the analysis, types of models and tool
availability. The paper provides more details on how optimization agents are integrated

with PBAMSs and product models.

2.4.2 Team Integrated Electronic Response (TIGER) Project

The goal of the TIGER project was to demonstrate a collaborative design and
manufacturing scenario in which a small manufacturing enterprise (SME) exchanged
design information with the prime contractor early in the design process, thus reducing
the iterations necessary to produce a successful design. For this purpose, a suite of
design, manufacturing, and communications tools integrated across the Internet was made
available to the product development team. The domain demonstrated was the design,
fabrication, and assembly of printed wiring boards (PWBs) and printed wiring assemblies

(PWAs).

In the TIGER scenario, a PWA designer generated PW A/B design information and sent it
to a PWB manufacturer in STEP AP210 format. When the PWB manufacturer received
this file, he uploaded it to an Internet-based engineering service bureau over the Internet
[Scholand et al., 1997] that provided a variety of design and analysis services including
design-for-manufacturability (DFM) and thermomechanical analysis. These services
were integrated in an analysis environment developed for TIGER called DaiTools-

PWA/B [Peak et al., 1997].
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2.4.3 Product Simulation Integration (PSI) Structures Project

The concepts and techniques demonstrated in TIGER are being extended and applied
towards the Product Simulation Integration (PSI) Structures Project. The PSI project is a
multi-team, multi-year project conducted by The Boeing Commercial Airplane Group in
Seattle, Washington. The objective of the PSI project is to define and enhance the
processes, methods and tools to integrate structural product simulation and analysis with
structural product definition (Prather and Amador 1997). This includes automated
engineering analysis as an integral component of the product definition. The EIS Lab
team has been contributing to this effort since September of 1997 with the application of
its MRA/APM techniques in the airframe structures, extending beyond the electronics
domain explored in earlier work.  Specifically, it is providing design-analysis
associativity techniques that are crucial to the true simulation integration the project

wants to achieve [Peak, Fulton et al. 1999].

The Product Simulation Integration (PSI) Structures project is under way in Boeing
Commercial Aircraft Group (BCAG) to reduce costs and cycle time in the design, analysis,
and support of commercial airplanes. The objective of the PSI project is to define and
enhance the processes, methods, and tools to integrate structural product simulation with
structural product definition. This includes automated engineering analysis as an integral
component of the product definition. Subprojects have been defined and working selected

topics toward accomplishing the objectives of the PSI for BCAG Structures. Formalized
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integration activities have also been identified to support the PSI subprojects through their

technology life cycle. [Prather & Amador, 1997]

As part of PSI, Georgia Tech has contributed an information modeling language, termed
constrained objects (COBs), that is aimed at next-generation stress analysis tools. COBs
combine object and constraint graph techniques to represent engineering concepts in a
flexible, modular manner. COBs form the basis of the extended multi-representation
architecture (MRA) for analysis integration, which is targeted at environments with high
diversity in parts, analyses, and tools [Peak et al. 1998]. A key MRA distinctive is the
support for explicit design-analysis associativity (for automation and knowledge capture) and
multidirectional relations (for both design sizing and design checking). Another MRA
characteristic 1s to use COBs to represent and manage complex constraint networks that

naturally underlie engineering design analysis.

Using a case study approach, lug and fitting design guides have been recast as example
reusable COB libraries. The use of these and other COBs on structural parts relevant to the
aerospace industry has been demonstrated. These case studies utilize XaiTools, a toolkit
implementation of MRA concepts, which interfaces representative design tools (CATIA

CAD, materials and fasteners libraries) and general purpose analysis tools (Mathematica

solver, ANSYS FEA).

It is anticipated that COBs and the MRA will contribute key technologies to the overall PSI

next-generation analysis tool architecture. The potential impact of explicit design-analysis
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associativity is significant. Capturing such knowledge, which is largely lost today, enables
libraries of highly automated analysis modules and provides a precise reusable record of
idealization decisions. User adaptation/creation of existing/new analysis templates is also
possible. Today creating views of analysis results such as internal analysis documentation
(strength check notes) and regulatory agency summaries typically requires extensive manual
effort. While COBs focus on core associativity and analysis computation relations, their
combination with technology like XML should enable interactive “pullable views” to help

streamline this analysis task. Other COB applications are anticipated, including upstream

analysis-associativity.

2.5 Gaps in Literature

In light of the literature survey of the preceding sections, the following main items stand out
as requiring additional attention. Those items are more extensivley explained and broken

down in the next chapter.

» Lack of an optimization modeling representation tailored to design-

analysis integration
There is a need for a general information representation that addresses the special needs of
optimization to design-analysis integration. That representation should be easily defined.
Also, it should capture the information in an optimization model with associations to the

product and analysis specific information.

e Lack of an optimization modeling representation that capture multifidelity

optimization capability



The representation should be easily defined, and enhanced. It should provide a means of
creating multiple fidelity optimization, analysis, and design models. The engineering
optimization should be semantically rich and, where merits, constraints and design
variables defined in terms of product and analysis specific terms, as well as being flexible

to enhance the model during the design progression.
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CHAPTER 3

PROBLEM DEFINITION

This chapter explains some of the needs in the current optimization technology to be
addressed in this thesis. Identifying these needs also helps to construct the main structure
of problem definition. The main focuses for the problem definition are graphically
shown in Figure 3-1 with question marks adjacent to the needs.
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Figure 3-1 Framework for Problem Definition
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The main entities used in the Figure 3.1 are analysis, optimization and product data
models. Different fidelity models of all those main entities are implemented during the

different stages of a design process.

The following subsections emphasize the specific needs and articulate them through

illustrations.

3.1 Integration among Optimization, Analysis and Design Representations

As a design progresses, it requires more information for its analysis and optimization
models to cope with the evolution of design complexity. Engineers, depending on the
stage of the design, use models of various degrees of detail and alternatives for their
models and solutions. For instance, a designer can choose an analysis module (Al) in
Figure 3-1, say a formula-based Engelmaier Model, from Product Based Analysis Models
( PBAMs ) [Peak and Fulton, 93] for solder joint fatigue life and construct an
optimization model (Optl). Optimization Model (Optl) includes the objective and
constraints, based on information from the analysis model (A1), and other design models
such as CAD and product data. There is a need for an effective integration strategy to
share and pass information between optimization and analysis representations that can
support using different tools, computer environments and locations, emphasizing and
linking product specific information. The optimization model requires multiple sources
of information and human interaction (decision making). Selection of design variables,

objectives and constraint functions requires broad knowledge and different sources such
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as product data (CAD), analysis results and design specifications. There is a need for

building a bridge from the information sources to the optimization model.

The example in Figure 3-2 illustrates the information requirement for an optimization
model. The optimization model entities (objective, constraints and design variables)
require information from product and analysis entities. For instance, the objective is to
maximize the fatigue life. This requires information about shear strain that is determined
in the analysis system, which in turn receives information from product data. Another
optimization entity is design variable, pwb material type, which requires link to product

data.

A knowledge representation is required to capture optimization models in a computable
form at a higher level of context than currently exists. For instance, a typical
optimization model has little, if any, explicit information about how its attributes
(Objectives, constraints and design variables) are derived from the product and analysis

information.

The representation should support information associations:
(1) between optimization and product models
(2) between optimization and analysis models

(3) between analysis models and product models
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The focus of this objective with respect to this thesis is to have the optimization model

representation capture the associtivity among the optimization, analysis and product

entities. The optimization data must be linked with the analysis and product models to

receive input from them and to provide outputs to them when it is required.
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3.2 _Building and Enhancement of Optimization Models

As another objective, optimization and analysis models of varying complexity levels
should be supported by the optimization model representation. Depending on the design
progression, a simple analysis model with a formula-based solution (Analysis Model Al)
or a more detailed analysis model of varying fidelity (Analysis Model A1) might be used,

which requires a finite element solution (Figure 3-1 and Figure 3-3).

For the chosen analysis model, say Al in Figure 3-3, the designer may construct
alternative optimization models that will help in the decision process. The reasons
behind creating different optimization models may include modification of requirements
and merit functions, answering what-if questions, capturing design progress (e.g.
availability of higher fidelity design details) and adapting new optimization technology.
Thus, there is a need to enhance, link and extend from one optimization model (Opt;) to
another (Opt;) during the construction of alternative optimization models based on the
same analysis, Al. For instance, the Engelmaier model is represented as a CBAM in a
catalog of solder joint analysis modules. Based on this same analysis model, two
alternative optimization models can be created and solved [Cimtalay et al., 1996]. The
objective is to maximize the solder joint fatigue life for the electronic product in both
models. In the optimization model Optl, fatigue life is a function of solder joint height.
And, in model Opt2, it is both a function of solder height and PWB material (See left of

Figure 3-3).
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3.3 Linkage among Classes of Optimization and Analysis Models

Third, if the designer chooses a more complex analysis module (A2) from the class of
analysis modules instead of (Al), how will the existing optimization model and its
alternatives be affected? (Figure 3-1). Hence, there is a need to link alternative
optimization models from one analysis model (A;) to another (A;) to create and adapt
new optimization models. The reason may be to enhance the models during the design
process. For instance, the designer may use the finite element based plain strain model

instead of the closed form Engelmaier model (See right side in Figure 3-3). Then the
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question arises, how will the original model be affected? How will analysis and

optimization integration be affected? Can we establish a linkage from the earlier case?

3.4 Automated Optimization Method and Tool Selection.

In addition to the above needs, each optimization model constructed requires proper
solution methods and related tools to obtain optimization results for further evaluation in
decision making. Some of those optimization methods have been categorized in
[Vanderplaats, 1984] and [More et al., 1994]. The optimization problem may be solved
using the techniques ranging from theoretical closed form solutions to numerical
computer based methods. Selection of the proper optimization tool depends on the
mathematical content of optimization model. There is a need to find an automated
strategy to select a proper optimization method and tool based on the character of
optimization models to be solved. Ildeally an algorithm can automatically choose an
optimization solution tool (T1) from the optimization tool library that is, compatible with
optimization model (Opt;). For instance, in solder joint fatigue life optimization (Optl)
(Figure 3-3), solder joint was a function of height (a continuous variable), which makes it
a candidate for a gradient -based method. On the other hand, in Opt 2, height and PWB
material are the variables and this model has a mixture of continuous and discrete design
space. This model can be a candidate for a mix-integer solution class. This objective is to

alleviate the human engineer from performing tedious tasks without risking errors.
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3.5 Support Enhancement of Optimization Models for Disciplinary Systems

Furthermore, some products require various disciplinary analyses. If the designer wants
to substitute different analysis models or enhance the models, then how will the
optimization models be affected? Changing disciplines and the analysis model in the
system requires enhancement of the optimization model downstream. Figure 3-4 shows a
multidisciplinary case for a PWA system which requires heat sink analysis, solder joint
fatigue analysis, and warpage analysis. During the design progress, the designer may
want to add new disciplines, such as PTH analysis. New analyses bring new information
to the system, including new variables and constraints. Alternately, the designer may
want to exchange the analysis models with higher fidelity ones for the specific disciplines
(i.e. instead of using a 1D Engelmaier model, they may exchange it with a 2D plane
strain model while keeping the other discipline analyses the same). Construction and
enhancement of the optimization models are necessary. There is a need to support the

enhancement of optimization models for various disciplinary systems.
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3.6 Summary of the Gaps

We can summarize the gaps identified above briefly as:
« Integration between analysis and optimization representations, emphasizing
product specific linkages
» Building and enhancement of optimization models
» Linkage among classes of optimization and analysis models
» Automated optimization method and tool selection
e Support enhancement of optimization models for various product and
disciplines.
In the previous sections, the primary gaps have been explained. Next, the objectives of

this thesis will be described based on these needs.
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3.7 Objectives of Thesis

This section defines the capabilities that an information representation should have to
address the needs described in previous sections. The following items are the desired
characteristics of the representation described in the next chapter. Facilitating these
capabilities into one representation has been major objective of this research, as

summerized here:

The objective of this thesis is to develop an information representation named Enhanced
Optimization Model (EOM) that facilitates creating multiple fidelity optimization,
analysis, and design models emphasizing optimization association with product and
analysis specific information. The main goal is to facilitate optimization-design-analysis
integration considering modularity. EOM is used for capturing the information in an
optimization model with association linkage to the product and analysis specific
information. The term "enhanced” in EOM means an engineering optimization model
which is semantically rich and; where merits, constraints and design variables are defined
in terms of product and analysis specific terms, as well as flexible to enhance the model

during the design progression.

e Thesis Objective 1: Capture associativity between an optimization model

and its design and analysis models

A general optimization representation should address the needs of optimization-analysis-
design-integration. This representation needs mechanisms for defining modeling objects

and the relationships between their attributes, while at the same time capturing the
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semantics specific to optimization-analysis-design entities.  This representation must
have a formal structure composed of an information model structure and protocol, along
with languages (lexical form and graphs) for modeling specific problems. Constructs of
the representation should be introduced with its rules. Optimization models based on this

representation should be easily defined, constructed and modified.

The representation should enable optimization models to retrieve the data they need from
design and analysis representations instead of considering all the entities combined as a
whole in the optimization model. Data with its semantics and values retrieved from
analysis and design representations can be utilized in the optimization model. Thus,
engineers should understand the representation of an optimization model with their
ingredients. Common analysis and design data could be potentially shared among several

optimization models instead of replicated in the codes of each individual application.

e Thesis Objective 2: Provide modeling language for defining optimization

models
The representation should support modeling languages that allow engineers to easily
create, modify or extend optimization models without requiring extensive effort. Related
with the representation, the languages have to capture the main entities of optimization
models. They must be independent of the product domain and computer applications

used.

e Thesis Objective 3: Provide the explicit representation of data

integration knowledge
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Since the optimization model requires the retrieval of design and analysis information
scattered across several repositories and combined for optimization purposes, a formal
and domain independent mechanism for defining the transformations will provide an
explicit description of the data integration process. Generally, these transformations are
not explicitly defined anywhere today. Instead, they are implicitly placed inside the code

of the optimization and analysis applications, making it difficult to reuse or modify them,

as well as to understand them.

e Thesis Objective 4: Provide a way to partition among optimization,

product and analysis models

Today optimization models are mixed with analysis and product models. As a result, there
is not a clear distinction among the core attributes and relations that belong to the
optimization model, the product, and those that correspond to the analysis model. The
importance of this partition is to allocate the information to its main domains to increase
clarity, reusability and portability (where the information is generated and where to get it
and where to transform it). The intrinsic product attributes and relations are independent of
the environmental conditions to which the product is subjected, whereas analysis attributes
characterize the behavior of the product under specific environmental conditions and
provide the response of the system under these conditions. Optimization attributes include
what 1s the merit function to be maximized or munimized, what kind of technical or
managerial constraints are applied to the system, and what are the design variables that can

be manipulated to achieve the merit function.
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e Thesis Objective 5: Support for building and enhancing multi-fidelity

optimization models

This will provide modularity to multi-fidelity optimization models tailored with of
varying complexity of analysis and design models. Modularity of knowledge
representations has been defined as "the ability to add, modify, or delete individual data
structures more of less independently of the remainder of the database, that is, with
clearly circumscribed effects of what the system knows" [Barr and Feigenbaum, 1981]
and [Peak, 1993].  An engineer can easily build and modify optimization model
instances with varying complexity. This is one of the major concerns in current
approaches to integrate optimization-design-analysis. The users generally have little
means for adding or changing optimization models and retrieving data without a major

adaptation of their analysis and product data.

e Thesis Objective 6: Support automated selection of optimization methods

and tools

Based on optimization information representation, it should be possible to select the
proper optimization methods and tools for a particular problem. It is also possible to
define the mathematical structure of the optimization model by utilizing an optimization
information model to capture the necessary data. Thus, an automated selection algorithm
based on the mathematical structure should be provided, which will then enable finding

the optimum solution.
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e Thesis Objective 7: Support optimization models from various engineering
disciplines

Most of the products require numerous analysis disciplines to simulate and check different

physical behaviors. Those responses are reflected in the optimization models. The

representation should support the disciplinary approach to optimization where models from

different disciplines are involved.

e Thesis Objective 8: Provide capability to extend and utilize the Multi-

Representation Architecture (MRA)

EOM Representation should be compatible with the MRA approach [Peak, 1995]. The
EOM Representation should utilize the MRA by interacting with the product information
and analysis information required by EOM. This will add the capability of extending
MRA to the optimization domain, meanwhile facilitating design representation and
analysis representation already available. The EOM Representation should provide a
mechanism for interaction CBAM and APM models. This mechanism also supports the
recursive nature of optimization tools during the data interaction. Thus, transformation of

the information will be managed in efficient manner.

The next chapter describes EOM representation in a formal and generic manner with its

definitions and its components.
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CHAPTER 4

ENHANCED OPTIMIZATION MODEL (EOM) REPRESENTATION

This chapter introduces a formal presentation of the Enhanced Optimization Model
(EOM) Information Representation and its main components. The chapter begins by
describing the identification and partition of optimization-design-analysis entities into
subgroups in the engineering domain (Section 4.1). This section provides a layout for an
information framework through an exploration of optimization, analysis and design area
by identifying the main entities and the interaction of those pieces among each other in
the engineering context. Next, Section 4.2 overviews EOM Representation with its main
components: EOM Representation Information Model, EOM Description Languages;
lexical and graphical views and EOM Protocol; these are formally presented in the
remaining sections of the chapter. Section 4.2.1 introduces the EOM Information
Representation Model, which contains the definitions and constructs of the EOM
Representation. Section 4.2.2 introduces the description languages that are lexical and
graphical forms. Lexical languages are the information modeling languages used to
define EOMs and EOM instances respectively (Section 4.2.2). Graphical languages are
information graphical structures that represent EOM concepts (EOM EXPRESS-G
Diagrams, EOM Constraint Schematics Diagrams, and EOM Specialized Objects)
(Section 4.2.3). Finally, Section 4.3 describes a group of EOM information access

operations known as the EOM Protocol.
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A prototype implementation of the concepts introduced in this chapter is presented in the

next Chapter 5. Several test cases validating these concepts are presented in Chapter 6.

4.1 _Partition Of Engineering Optimization Domain

Figure 4-1 shows the whole system partitioned into the main entities that are associated
with each other. The main rectangles that have subgroups in the Figure 4-1 represent
optimization, analysis and design related entities. The main entities are subdivided
further into subgroups to capture information content, interactions and transformations
among design, analysis and optimization entities. The main focus of this thesis is on the
optimization block and the interaction of this block with design and analysis entities as
shown by the shaded area with red arrows in the Figure 4-1. The arrows represent the
associativity links to the product model that represents the design entities and to the
context based analysis model that represents the analysis entities. From the EOM point
of view, providing and managing the integration problem described above involves
information representation of optimization models. This is achieved by partitioning the
optimization area into entities and keeping interaction among those entities in an
information framework. This also includes establishing the interaction among those
entities inside the optimization domain as well as the related entities in design and
analysis domain. Thus, partitioning provides a structured way during optimization model

building to easily track, reuse, and modify them; and also provides the identification of
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Optimization Solution Method Model (OSMM):
OSMM is relatively low level, solution method specific form. OSMM’s tools

input, output and control information form a single information entity to facilitate

results.

Analysis Domain Partition
Context Based Analysis Models (CBAMs):
CBAMSs are developed to capture the associativity with the context of the
analysis. It answers what, why and which circumstances the analysis is
performing. The analysis context object includes a link to product data,
condition objects, such as loads, boundary conditions, behavior mode, such as
static structural analysis and design responses, such as stress calculation.
Analysis Building Blocks (ABBs):
ABBs represent analysis concepts as reusable, modular, and adaptable objects that
are product and tool independent.
Solution Method Models (SMMs):
SMMs combine analysis solution tool input, output and control into a single

information entity to facilitate automated solution tools access and results

retrieval.
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Design Domain Partition

Analyzable Product Models (APMs):
APMs representation defines formal, generic computer-interpretable constructs to
create and manipulate analysis oriented views of engineering parts or products

[Tamburini, 1999].

Those engineering entities described above are related to each other in a higher level as

shown below.
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Figure 4-2 Entities of Optimization, Analysis and Design in EOM
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4.2 Enbhanced Optimization Model (EOM) Information Structure

This section formally introduces the main component of the Enhanced Optimization
Model (EOM) representation based on constrained object techmology [Wilson, 2000].
EOM represents an information framework for an object oriented design methodology.

This methodology provides optimization model construction, enhancement, classification

and solution.

EOM utilizes a combination of constraint graph and object techniques to provide highly
semantic mappings by increasing flexibility among design, analysis and optimization

tools. The EOM information representation is specifically tailored to optimization.

The main goal is to facilitate optimization-design-analysis integration considering
modularity. EOM is used for capturing the information in the optimization model with
association linkage to the product and analysis specific information. Enhanced
optimization model (EOM) means an engineering optimization model which is
semantically rich and; where merits, constraints and design variables are defined in terms
of product and analysis specific terms, as well as flexible to enhance the model during the

design progression. EOM contains the fundamental building blocks used to define

optimization models.
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EOM representation described with the following components; EOM representation

information model, EOM information description languages and EOM protocol. The

main components that constitute the EOM Representation are shown in Figure 4-3 below.

/ Enhanced Optimization Model Representation (EOM) \

Funda{r!ental 4 5!21?11
Definitions Definition

EOM
Protocol

Indtialize design vanable vecior
Load EOM Definitions{EQM CBAM APM)

Solva EOM changes
Narata from COB Analyzer -OSMM

Qﬁon 4.2.2 EOM Definition Languages Section 4.2.3 EOM Prmy

Figure 4-3 Main Components of EOM Representation

First, the representation information model is a meta-model describing the main

architecture (constructs) of EOM representation., The information model provides a

foundation for the rest of the EOM Representation components. The EOM information
model is described by Express-G diagram followed by formal definitions of those pieces

given. Finally, EOM was expressed in mathematical terms in set theory.

Second, the information languages are described in lexical and graphical forms. Lexical
form is considered as the master view of the EOM, where EOM graphs can be generated

from it.  This form consists of enough language constructs to describe enhanced
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optimization models (eoms) of varying fidelity with its association to product and
analysis entities of a particular case. Lexical forms have a defined structure consisting of
objects interacting with other objects and data instances of those objects. Graphical
forms are the views that help easier comprehension of the domain, the concepts of object
oriented and the constraint graphs. Graphical forms consist of Constraint Schematic,
Express-G and EOM specialized objects. Below, Figure 4-4 gives the overview of the

EOM Description languages with lexical and graphical forms. Section 4-2 describes them

in more detail.

Constraint Schematic

u

EOM Lexical Forms

o———
(EOM Schema & Data) O
EOM eom_1 ]

-

00

- Object Relationship Diagram

END_EOM
T

Specialized Object

Figure 4-4 Overview of the EOM Description Languages

Finally, protocol as a component of EOM representation describes the implementation of
those concepts.
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The more detailed description of the EOM components are presented at the following
Sections 4.2.1,4.2.2 and 4.3.3.

4.2.1 EOM Representation Information Meta Model

4.2.1.1  Overview

Information techniques have been utilized to describe the EOM representation that
compasses entities describing optimization domain and how to glue them together. These

techniques form the information medium in which EOM is represented.

The main building blocks are the constraint objects (cobs) used for this information
medium. It has a formal defined structure with its attributes and operations. The EOM
representation combines constraint graph techniques and object-oriented principles to
represent optimization concepts associated with analysis and design concepts. EOM
attributes and relations are formally defined and in the description of the EOM
representation. They intend to capture the essence and the functionality (association,

enhancement, automation) of engineering optimization domain.

The fundamental defined constructs contained in the EOM Information Model provide
development of the EOM Representation. Their definitions are expressed later in terms
of set theory notation. Thus, they are independent from any particular data modeling or

programming language.
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Figure 4-5 is a simplified view of the EOM Information Model showing its fundamental
groups of constructs EOM Schema, EOM Name, EOM Attributes and EOM Relations.
The following description is based on that Figure 4-5 Information Model of EOM in

EXPRESS-G (for more about Express-G see Section 4.2.2.2)

An Enhanced Optimization Model contains particularly the all EOM Object Sets that
define an optimization-oriented view of a given product. It is possible to join a set of
objects that belong to any category through association links. The EOM category
contains optimization domain related objects and links. EOM associates optimization
objects with CBAM analysis and APM design object sets in its information model and
utilizes those objects in the any category. In other words, the EOM provides a starting

point to all schema, attributes and relations that constitute an optimization model.

An object is the source origin of all objects with its identity, attributes and relations.
Constraint object (cob) is an object such that its relation is defined in mathematical
relations based on constraint graph theory. A constraint object is developed for the
purposes of information modeling as applied to describing the information required to

design, analysis and optimization integration at EISLAB.

The EOM uses the same structure of constraint object defined in the higher level
information model (left side of the figure). The first level is the related constructs that
create the structure of language. The second level is the instance level constructs
associated with the structure of the upper level. Together, (The structure and Instance)

they will define the complete set of constructs that make up a lexical language that can be

50



used for domain specific definitions of optimization, analysis and product data (See

Figure 4-8 information model level 1 and 2-Section 4.2.2.1).

Specific Constructs define attribute and relation definitions specific to the discipline in
this context here. For instance, an analysis context can be described with the following
attributes: the part, the conditions of that part, the behavior type (mode), which it is tested
against and the finally response attributes. It is very desirable to have context-based
attributes and relations to a developer and user. In section 4.2.1.2, there will be formal

definitions that makes up optimization related entities.

A Categorized-object is a set of all complex and primitive objects used for the generation
of models in a specific domain area such as optimization; EOM, analysis; CBAM,
design; APM. EOM, CBAM and APM are all subtypes of the object category. The
EOM objects represent a set of optimization domain related entities, whereas the CBAM
represents a set of analysis domain related entities and finally, the APM represents set of
product related entities. EOM utilizes CBAMs and APMs. CBAM utilizes APMs in
their model generation. For instance, the optimization category object (EOM) represents
all complex and primitive constraint objects used in the description of a specific
optimization model. It has its own specialized atiributes and relations. EOM has
optimization_model attributes, further classified as under attribute category of objective,
constraints and design variables, as well as CBAMs and APMs. Similarly, the EOM has
a number of relations under the relation category. They are optimization relations (er),

associativity relations of optimization to design (ald), associativity relations of
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optimization to analysis (ala) and associativity relations of optimization to optimization

(alo).

4.2.1.2  Definitions

Above, the information structure of EOM has been explained briefly. The above objects

are defined more precisely in this section.

EOM Schema:

Definition 4.1: EOM schema is a set of items that are grouped for the purpose of
optimization-analysis-design integration.

EOM Name:

Definition 4.2: EOM name is an ordinary name of specific eom schema.
For instance, the optimization of the flap link of an airplane could be

"flap_link_optimizationl"

EOM Attributes:

EOM attributes may be grouped into the following categories that describe the main

attributes of engineering optimization.

EOM Attribut
| )\ |
Opt model CBAM model | | APM model
objective constraint design variable

Figure 4-6 EOM Attribute Classification
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Optimization Model Category (EOM) Attributes include, Objective Attributes, Constraint
Attributes and Design variable attributes as a part-of Optimization Model attributes, as well as
Analysis Categorization (CBAM) and Design Categorization (APM) attributes.

EOM Optimization Attributes are defined in the content of this thesis as follows:

Definition 4.3: An EOM attribute is an EOM attribute if it is part of the

set of minimum and necessary attributes that optimize a product.

Definition 4.3.1: An EOM optimization model attribute is an abstract

EOM Attribute that has EOM objective, constraint and design variable
attributes.

More specifically, subtype of EOM Optimization Model Attributes are defined as
follows:

Definition 4.3.1.1: An EOM Objective Attribute that belongs to the

optimization model is an EOM Attribute which has to be maximized or
minimized.
An EOM Optimization objective can usually be defined as a merit to achieve.
Examples of Optimization Objective attributes are a mathematical function, such as

the weight of a truss, cost of a product and efficiency of an engine.

Definition 4.3.1.2: An EOM Constraint Attribute that is a part of
optimization model is an EOM Attribute, which specifies the limits.

An EOM Optimization Constraint can usually be expressed as a managerial or
physical limit that is imposed on the system. Some examples of Optimization
constraints are the stress margin of safety of a product under loading conditions, the

limits on the dimensions of a product, and the specific number of materials that can be
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used in the development of a product. They can all be transformed as mathematical

inequalities or equalities and expressed in relations.

Definition 4.3.1.3: An EOM Design Variable Attribute that is a part of
the optimization model is an EOM Attribute which defines the variable
parameters where their value is allowed to change in their bounded limits in

such a way that they achieve the merit and satisfy the all the constraints.

An EOM Optimization design variable attribute can be described as the variable
parameters that are chosen. Objective and Constraint attributes are explicit or implicit
functions of those variables that formalize the mathematical optimization problem.
Changing the value of design variables in their allowable limits through an optimization
strategy facilitates finding the optimum results. Some examples of Optimization design
variables are the height of a solder joint whose fatigue life is to be maximized, areas of
truss structure where weight can be minimized and the velocity of the air flow through

the fins of the heat sink on a chip where heat loss is to be maximized.

Attributes of the product and analysis are often needed for optimization because

optimization models are expressed mathematically in terms of their attributes.

Briefly, we can introduce the analysis (cbam) or design (apm) related attributes that have

been utilized in the EOM.

Definition 4.3.2: A CBAM attribute is part of the set of minimum and

necessary attributes to analyze a product.
The Analysis Constraint Object Category is represented as CBAM. The CBAM

attributes include analysis context attributes with subclass attributes response, conditions,
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mode and the product model and (APMs) attributes. For instance, stress analysis of a
flap link includes context information. Features and parameters of the part are retrieved
from the product model, static stress analysis is treated as behavior mode, loading and
boundary conditions as the condition of the part exposed and the calculated stress treated

as a response from the analysis [Prather, 1997] and [Wilson, 2000].

Definition 4.3.3: An APM attribute is a part of the set of minimum and
necessary attributes to define an analyzable product.

Design Constraint Object Category (APM)’s attributes include product and idealized
attributes. Product attributes are the subset of EOM attributes that are associated directly
with geometry and material information where as idealized attributes are the
approximated attributes that are used in analysis and optimization. They are derived from
product attributes. An example of idealized attributes is the “effective” length of a link.

Idealized attributes are the result of simplifying or transforming product attributes using

heuristic knowledge [Tamburini, 1999].
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EOM Relations:

EOM Relations and transformation/associativity have been classified as shown in Figure
4-7.

Constraint Object
Relations(r)

l

EQOM Relations( er)

Associativity Associativity Assaciativity
Relations ( ald) Relations (ala) Relations (alo)

Figure 4-7 EOM Relation Classification
EOM Relations (er) are inherited from constraint object relations. This provides a
mathematical operation in a bi-directional manner, and also allows black-box
transformations. Associativity transformation relations are subtypes of constraint object
relations linking objects with its semantics and its content. EOM association relations are
sub-classified as optimization-analysis transformation (ala), optimization-design

transformation (ald) and optimization-optimization transformation (alo).

EOM Optimization Relations are defined as follows:

Definition 4.4.1: An EOM relation (er) is a constraint object relation that
represents mathematical or black-box operations relevant to the optimization
domain.
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Relations are also a part of the definition of constraint objects. EOM relations are
defined as mathematical equations or functions about optimization entities such that
relations are based on constraint graph theory. EOM Relations are a part of the definition
of constraint object. The following definitions are given to describe and formalize the

linkages of the main partition entities.

One of the main features of the EOM representation is that it provides a structure for
linking the design oriented product data and the analysis models into the optimization

model via transformations called associativity. Association relations are also utilized

between the entities of the optimization models.

Definition 4.4.1.1: An optimization-design transformation relation (ald) is an
EOM relation that links optimization attributes and design attributes.

Definition 4.4.1.2: An optimization-analysis transformation relation (ala) is an

EOM relation that links optimization attributes and analysis attributes.

Definition 4.4.1.3: An optimization-optimization transformation relation (alo) is

an EOM relation that links optimization attributes to optimization attributes.

Transformation relations can achieve the association defined in EOM through linking
objects.  Optimization-analysis transformation (ala) relates analysis information to
optimization information along with the requirement of the optimization modeling. This
also true for optimization-design transformation (ald) where it relates analysis
information to optimization information. They are described as associativity relations

that, respectively, transformn analysis information and design information into
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optimization information or vice-versa. Finally, it is desirable to have a semantic match

between the two-optimization objects. An optimization-optimization transformation

relation (alo) provides this kind of associativity.

All of EOM relations, relation (er), optimization-design transformation (ald),
optimization-analysis transformation (ala) and optimization-optimization transformation
(alo) are relations that have bi-directional forms. A bi-directional form is a determination
of the terminal values of an input-output system that is possible from the opposite
direction. For instance, a calculation of axial stress of a simple bar is a function of the
axial force applied to the ends of the bar and the area of the bar. If someone knows the
values of the force and the area of the bar, stress can be determined. The inverse is also
possible. If a person knows the values of the stress and the force, the area can be
determined. Bi-directional operation is also applicable for association relations. For
instance, one design variable attribute, say diameter_out, in the optimization model can
be associated with outer diameter of the sleeve attribute in product data, or vice versa.
This concept of bi-directionality can be achieved through constraint-graph theory. A
Constraint schematic is based on constraint graph theory (see brief explanation in Section
4.2.2.2). EOM relations, ers and transformation relations, alds, alas and alos can be

represented in the constraint schematic of an EOM.

Based on the previous definitions of the EOM, the Mathematical Description of

Enhanced Optimization Model is given below.
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4.2.1.3  Mathematical Description of EOM

An EOM for an optimization model is defined as follows:

eom, = (name , {{ obj; ..., objc}, {g1 ..., &}, { x1, X2, ..., Xm }, { cham| , cbam’, ..,
cham! }, apm! }}, {{ alay,.... ,alay}.{ald,, ..., ald,},},{alo;, ..., alog},{{er,,

ery})
Where:

eom, : is a specific EOM for optimization model i ;

name is the name of the eom;

attributes

{ obj; ..., obji} is the list of objective attributes of the EOM;

{81 vss g1} 1s the list of constraint attributes of the EOM;

{ x;, x2, , xm} is the list of design variable attributes of the EOM;

{ cbam, , cbam's ..., cbam’ '} is the list of analysis categorization attributes of the EOM
at fidelity level t;

apm! 1s the product categorization attribute of product, p at design stage k;

relations

ala, is the p" relation for associativity linkages between optimization and analysis

attributes;

ald, is the ™ relation for associativity linkages between optimization and design

attributes;

aloy is the s™ relation for associativity linkages between optimization attributes;

er, is the w" enhanced optimization relation :
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Properties:

name € S;

objr € EOM or COB;; gi € EOM or COB;; x,, € EOM or COB;;
cbam; € EOM or COB; apm € EOM or COB,

Individual EOMs are grouped to form the Sef of EOMs of a product p (EOM™) as
follows:

EOM® = {eom® , eom? , ..., eom™ )

There may be more than one eom for a given product p. The reason for this is that, for
modularity and efficiency purposes, it may be preferable to have several specialized
eoms for the product to test different scenarios rather than a single, monolithic eom that

is difficult to adapt to the model change required by progression of design.

(p)

Each eom;” could support a combination of different sets of analyses (cbams) with

different fidelity and mode and different fidelity of product data (apmy).

For example, eam; could be defined for the optimization of an airplane flap link with

its product data representation with apm® at design stage 1 or more information

intensive product data representation apmy at design stage 2 and with its analysis
objects, chaml and cbam2. The first group of cbaml's are to support extensional
analyses, and the second group cbam?2's are to support buckling analyses. Even those
analyses have different degree of complexity (fidelity). The determination of the number
of EOMs that should be defined for a given product should be based on the how depth

and breath are required by both the developer and user.
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The objective is to keep EOMs small and simple, while at the same time sharing as much

information as possible.

Since EOM’s building blocks are constraint objects, the generic definition of a constraint

object is given below in mathematical terms

A Constrained Object is defined as follows:

cob= (object_name ,{ asy,ay, ... .0}, { Tps1, 72, ..., 'm }, Supertype_object )

Where:
cob; : is a specific Constraint Object;
object_name is the name of the object;
{ @51 ,a2, ..., a, ) is the ordered list of local attributes of cob;;
s is the number of all attributes (local and inherited) of supertype_object,
{ ros1,72, ..., rm } is the ordered list of local Relations of cob;;
ri is the k™ relation of cob;;
p is the number of all relations (local and inherited) of supertype_object;

supertype_object is the parent object of cob;;.

Properties:
object_name € S, where S represents the set of strings;

a; € A, where A is the set of Attributes;
r« € R, where R is the set of EOM Relations;

supertype_object € COB, where COB is defined below.
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supertype_object provides the means for defining inheritance hierarchies between
Objects. Following the object-oriented paradigm, a given Object cob; inherits the

attributes and relations of its parent supertype_object. Thus, in the definition above{

Gss1 , @2 , ... , an | are called local attributes, whereas { ay ,a;, ... , as } are called
inherited attributes. Similarly, relations { rpy , 72, ... , rm |} are called local
relations, whereas { ry ,ra, ... ,rp } are called inherited relations. In this work, a

given object can only have one parent object. In other words, only simple inheritance

is allowed [Tamburini, 1999] and [Wilson, 2000].

After the information model description with formal definitions of the pieces and
mathematical description of EOM were given, the description languages developed and

utilized have been explained in the following section.

4.2.2 EOM Description Languages

The EOM Lexical form is the language for defining data structure and relations for a
specific to optimization domain. A specific type of EOM, a template, is generated by a
populating EOM meta-level structure. The application of this template to a specific
design instance is achieved by instantiating this template. Table 4-1 shows tabular
information views of the structure. Also, Table 4-1 summarizes the purpose of each

view. These views emphasize different aspects of the information structure.
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EOM Languages
EOM Lexical Form

L

Information template in lexical form for optimization
domain

Defined by constraint objects( EXPRESS like
information modeling language)

Defined by constraint object instances

Instances of structure defined in the EOM

EOM Instance

L}

EOM Graph Forms
Engineering - It’s a mathematical optimization template with its symbols
Optimization ~ View representing engineering domain
Constraint Schematic - Graphical view emphasizing relations among
Attributes
Object Relationship - Graphical view emphasizing part-of and is-a relations.
Diagram Based on EXPRESS-G
Specialized Object - Encapsulated view used in other constraint schematics of

optimization domain

Subsystem Instance View - Similarly annotated subsystem view

Graph Instance View - Annotated constraint graph showing usage of COB instance
Table 4-1 EOM Languages

4.2.2.1 EOM Lexical Forms

The EOM is based on constraint object structure definition language and instance
definition language such that both structure and instance definition languages form a
complete, generic unit for the description of engineering related data and behavior. The
purpose of EOM Structure is to define classes of EOM with its data structure and type of
relations defined in Section 4-2. The EOM Instance Definition Language is associated
with EOM structure. It contains the data instances of the defined objects of the
optimization domain. Attributes and methods become meaningful to the optimization

area by classifying them according to their content.

Below, a description of an EOM lexical form is expressed by STEP EXPRESS language

(ISO 10303-11). EXPRESS is an object-oriented information model specification
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language. It was developed to generate formal information models describing
engineering products. It has been accepted as part of the STEP standard for product data
exchange in the industry. This EXPRESS view also corresponds to some sections of

EXPRESS_G diagram in Figure 4-8

First level Objects

categories

Categorized_object Object_category |

r——[ : ’1 ————1| STRING
cos COB_attribute | | COB_relation
] variables | I

sub_categories

relations

Second level Objects

Figure 4-8 Simplified Information Model for EOM Language Generation (Express-G
Diagram)

The first part of the EXPRESS below defines the second level objects where particular

domain objects are created such as EOMs, CBAMs, APMs,

ENTITY categorized_object;
categories : LIST OF [0, ?] object_category;
END_ENTITY;

ENTITY object_category;

name : STRING;

subcategories : LIST OF [0, 7] object_category;
END_ENTITY;
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The second part of the EXPRESS below deals with the first level objects describing the
constraint object. A detailed description of those objects, cob_attribute, cob_relation,
and constrained_object are all of type categorized_object, has been given in [Wilson,

2000].

ENTITY constrained_object SUBTYPE OF categorized_object;
attributes : LIST OF [0, ?] cob_attribute;
relations : LIST OF [0, ?] cob_relation;

END_ENTITY;

ENTITY constrained_attribute SUBTYPE OF categorized_object;
uid : STRING;

attribute : STRING;
comment : OPTIONAL STRING;

END_ENTITY;

ENTITY constrained_relation SUBTYPE OF categorized_object;
uid : STRING;
relation : STRING;

comment : OPTIONAL STRING;
END_ENTITY;

The Second level object called Object_category can be generated from the first level

object by implementing ISO-10303-21. The Object_category, EOM, can be seen with its

basic attribute and relation types below.
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First class objects (in Express part 21 form)
ISO-10303-21;

HEADER;

FILE_SCHEMA ((C’ FIRST_LEVEL_COBS_SCHEMA);
ENDSEC,;

DATA;

/* cob = categories, attributes, relations */
#10 =CONSTRAINED_OBJECT ( (#1000), (#200, #210, ...), (#300, #310, ...) );
#200 = COB_ATTRIBUTE.....

#300 = COB_RELATION ( (#1010), 'erl’, '<objective> ==(<01>+<02>)/2'," This is an
optional comment for erl');

/* These are standard instances */
# 1000 = OBJECT_CATEGORY ('EOM, () );
#1010 = OBJECT_CATEGORY (' OPTIMIZATION_RELATIONS' () );

The formal, standard EOM lexical language generation based on Express-G with its
optimization model is a tedious job as seen in the illustration above. It may be difficult to
comprehend the ISO Standard Part 21 form for generating EOM.  Although a formal
definition of EOM has been established from the Express Standard Information Modeling
form above, the EOM Representation utilizes (facilitates) two lexical information
definition languages. Those languages are called COB Structure Definition language
(COS) and COB Instance Definition language (COI) to express EOM lexical forms. The
EOM lexical form enables the generation of enhanced optimization models related to a
specific domain with its links to product and analysis data. The COS is used to define
structure of constraint objects with the schema, cobs, attributes, relations and cob set

links.
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Below, cob object set called object category has been shown with its name, description
and attribute and relation types (see Figure 4-9). Then, EOM, CBAM and APMs inherit
the constraint object characteristics adding domain specific knowledge. For instance, as
described in the previous definition section, EOM has the optimization model attributes,
objective, constraint, design attributes, in addition to cbams and apms. Also, EOM has
relations; er, ald, ala and alo. Then each category has a list of attributes of relations

specific to the domain to be modeled (i.e. how many design variables, what are their

names, which type).

ENTITYcob_type;
name: STRING;
description’ STRING;
variable Categories: LIST OF [0, Nanable_Calegory,
relalion_Categories: LIST OF [0, Melation_Calegory,
END_ENTITY;

ENTITYvariable_calegory,
name: STRING;
description: STRING:
END_ENTITY;

ENTITY relation_calagory;
name; STRING,
dascription. STIRNG,

OMEP optimization| CBAM analysisT T
VARIABLES VARIABLES VARIABLES
DESGRIPTION PART_FEATURE PRODUCT_ATTRIBUTE
OFTIMIZATION.CONTEXT MODE IDEALIZED, ATTRIBUTE
OBJEGTIVEs RERPONSE by
CONSTRAINTS ANALYSIS SUBSYSTEM 3233331‘%3‘3&3’% AELATION
DESIGN VARIABLES RELATIONS END_APM )
CBAMS
RELATION
OPTIMIZATION_RELATIONS s AMM'“TW'W-“N“GE
ASSOCIATIVITY_LINKAGE ND_¢
END_OMEP
|

Figure 4-9 Object_ Category: Categories of EOM, CBAM and APM

The COB structure definition language (COS) is developed based on the general purpose

STEP EXPRESS language. Constraint Object language has been developed in EISLAB
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to define information during optimization-design-analysis integration by extending

EXPRESS.

The COI is used to define instances of objects defined in COS. The COB Instance
Definition language (COI) has similar characteristics with the general-purpose STEP
Part21 File format (ISO 10303-21). Both COI and STEP Part2]1 may be used to define
constraint object data. STEP Part21 is developed to exchange data between different
CAD/CAE tools. COI is developed for the purpose of easy creation and better
readability. The COI is used to define instances of objects defined in COS. Both COB
and COI are stored in files called: the COB and, COI Definition Files, respectively

[Wilson, 2000].

The EOM lexical form is illustrated in Figure 4-10. This template shows the structure of
lexical form. Under each category attribute, there may be a list of attributes. For
instance, attribute optimization_model.objectives.minimize has three attributes named
respectively, o1, 02 and objective. The naming of those attributes is arbitrary. Generally,
they are chosen specific to the domain being modeled. An illustration of a semi- generic

eom lexical form is shown below.
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EOM eom! SUBTYPE_OF optimization_model;
DESCRIPTION
"Represents minimization and/or maximization of merits with respect to design or analysis entities"”
OPTIMIZATION-MODEL
OBJECTIVES
minimize
ol: REAL;
02:REAL;
objective: REAL;
maximize
Null
CONSTRAINTS
equality_constraints( = 0)
Null
inequality_constraints( < 0)
gl: REAL;
82: REAL;
DESIGN VARIABLES
xI:REAL;
X2:REAL;
x3;REAL;
ANALYSIS MODELS
cbamlb : cbams.link_plane_stress_model.name;;
chbam2a : cbams.link_buckling_model.name;
DESIGN MODELS
apmla; link.name;
RELATIONS
OPTIMIZATION_RELATIONS
erl : <objective> ==(<ol>+<02>)/2";
ASSOCIATIVITY_LINKAGE_OPTIMIZATION_ANALYSIS
alal : "<ml> == (1.0/(<cbamlb.sx_mos_model. margin_of _safety> + 1.0))-1";
ala2 : "<m2> ==(1.0/<cbam2a.bx_mos_model.margin_of_safety> +1.0))-1";
ASSOCIATIVITY_LINKAGE_OPTIMIZATION_DESIGN
ald ; "<objl> == (<area>*<cham2a.link.effective_length>)*<cbam?2a.link.material. density>";
ASSOCIATIVITY_LINKAGE _OPTIMIZATION_OPTIMIZATION

alol: "<gl> == <ml>;
alo2: "<gl> == <m2>;
END_EOM;

Figure 4-10 Illustration of EOM Lexical Form (COS)

EOM Instance Form

The Figure 4-11 shows an example of EOM instance form based on COI. This is one

instance of eom! data file based on the structure defined in Figure 4-10. It shows all
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cbams.linkjplane_stressjnodel.name

attribute values. The lines in the example with question marks will be derived from the

relations. The other lines are input values of those attributes.

DATA ;
INSTANCE OF eoml;
DESCRIPTION */
description: "Represents minimization of merits with respect to design or analysis entities";
/*OPTIMIZATION MODEL*/
<m]>==2;
<m2> ==7;
/* OBJECTIVES*/
minimize
ol s
02:?;
objective: ?;
maximize
Null
/* CONSTRAINTS™*/
euquality_constraints( = 0) ¥/
Null
ineuguality_constraints( < 0) */
gl:?;
g2: ?%;
/% DESIGN VARIABLES*/
il L
205
%3 23,0
/*ANALYSIS MODELS */
cbamlb :"analysisl_developed";
cbam2a : "analysis2_preliminary”;
/*DESIGN MODELS*/
apmla;" pm_product_x";
END_INSTANCE
END _DATA;

Figure 4-11 COI for eoml

The next section describes the graphical forms used in the description of EOM.
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4.2.2.2  EOM Graphical Representation Languages

Object relationship diagrams

An object relationship diagram is utilized as an another view of an EOM. It is a partial
graphical view of EOM representation (information that emphasizes the is-a and part-of
relations between objects used to represent optimization, analysis and product models.
Numerous notations exist that could be used for this purpose, IDEF1X [Bravoco and
Yadav, 1985c], entity-relationship (ER) diagrams [Chen, 1979], and the Object Modeling

Technique (OMT) Object Model notation [Rumbaugh, et al., 1991] and more general

UML Unified Modeling Language. [Booch et al., 1998]

Object relationship diagrams of EOM emphasize EOM attributes and EOM
hierarchies. As described in the earlier section, the EOM lexical structure is the main
description for optimization related entities, having all the content of the other views but
in lexical form. For example, the notation a.d indicates d is an attribute of a, denoting the
parent-child relationship.  Generilization-specilization and parent-child concepts are
presented in a graphical manner in object-relationship diagrams. They aid in

comprehending the object relationships.

EXPRESS-G [ISO 10303-11] has been used in this research as the notation for object
relationship diagrams. Because, it is an ISO standard and it enables the leverage of
research being conducted in EISLAB. EXPRESS-G is the graphical representation of

EXPRESS lexical models. EXPRESS-G is described in detail in the STEP standard.
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EXPRESS-G diagrams are useful in representing entities, their attributes, subtypes and

supertypes.

The object relationship diagram shows which objects are specializations of other objects
(the is-a relationship - bold lines), and which objects are parts of other objects (the part-of
relationship - thin lines). Thus, an object relationship diagram shows which artributes are
inherited from superclass objects; however, it does not show which relations are

inherited.

EOM Constraint Schematic Forms:
Constraint Schematic Forms aid the development, implementation, documentation and
usage of EOMs. Below, a brief description of constraint schematics is given first, then

the EOM constraint schematic form is explained.
Constraint Schematic Generic:

The other diagram constraint schematics graphically emphasizes relationships among
objects. In this notation (Fig. 4-12), an attribute can be a simple object like a number, or
it can be a complex object having attributes that are themselves complex objects. The
strength of this notation is depicting relations among complex cbjects (analogous to
electrical schematics showing connections between complex integrated circuits). This
capability is achieved by graphically showing attribute-subattribute relations, by
abstracting complex objects as subsystems (analogous to integrated circuits), and by
supporting hierarchical nesting of other constraint schematics within these subsystems.

An option category indicates alternate subgraphs within a constraint schematic (e.g. the

72



value of f depends on option category 1 in Figure 4-12, where f=s.d for option 1.1,

while f = g for option 1.2)[Peak, 1993].

The constraint object views are analogous to flow charts in procedural programming, as

they are largely independent of a specific computer implementation.

Template Structure (Schema)

3 subsystem s
variable a subvariable a.d 7k of cob type h
o4 +»O d D a b (] subvariable s.b
relation r/(a,b,s.c) . i 4
' option category
G ] =1 8 ooiion 1.4
- (1.1] f=sd
!’—L.———“ =b-c¢ O £ () Q——_—O 8
O equality relation option 1.2
W
L[j1n] aggregate c.w
r_‘llo - 07 element w,

Figure 4-12 Fundamental Constraint Schematic Notation
EOM Constraint Schematic Form:

This section shows how the defined concepts fit into the EOM representation in the
Constraint Graph. The constraint schematic has been utilized to show another view of
the general structure of EOM. The basic structure of an EOM is illustrated in the form of
a Constraint Graph view in Figure 4-13. Examples of constraint schematics for different
domains will be explained in Prototype development for eom flap link optimization and
implementation in Chapter 5 and Test Cases in Chapter 6. The EOM constraint

schematic is one of the EOM deliverables.
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Referring to Figure 4-13 again, typical categories of each type of attributes and their

relations contained in EOM are shown.

The EOM has an optimization attribute, optimization model attribute which has in tumn
sub-attribute categories of objectives, constraints and design variables. Each has a list of
its own attributes named arbitrarily based on their domain being optimized. In Figure 4-
13 the objective attribute has list of attributes named as o,, 0,, ...., 0, Similarly,
constraint attributes are named as g, g, ....., 2, Where as design_variable attributes are
named as Xp, Xogeooenoons , X,. These optimization attributes are the minimum set of
constructs needed to establish a mathematical model. A mathematical optimization

model can be generated from these attributes after extracting or linking the engineering

entities to those attributes.
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The EOM has one analyzable product model (apml) of a specific product p, at any
particular design stage k. The product has a number of product attributes (p, and
subattributes of p, in EOM/ in Figure 4-13). APMI1 decomposes these attributes into

their subattributes (p3, py, ps in APM,) per the part-of relationships. Product attributes

can be systems, assemblies, sub-assemblies, components, features, and idealized product
attributes. Optimization and analysis models utilize those product attributes by means of

relations and associativity linkages.

The EOM has one or many analysis models (cbams) representing different behavior and
level fidelity. CBAMs can also be included in the scope of the EOM. CBAMI
decomposes analytical attributes (a; through a;, in CBAM;). Analysis attributes can be
decomposed into subattributes in the same manner as product attributes. Analysis
attributes can be conditions, responses and behavior modes. This can be broken down
further into subattributes such as thermal loads, boundary conditions, stress, strains, etc.

as part of a relationship until their basic primitive attributes and their values of real and

integer types.

Optimization-analysis transformations (alas) are used to link optimization attributes
with some of these analytical attributes. For example, an EOM-specific ala exists

between a; and 0,. An alo is contained in the product model as agq is linked o1, where as

a6 is related to ps via the part-of relationship.
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Similarly, optimization-design transformations (alds) are used to link optimization

attributes with some of these product attributes.

Also, there may be optimization-optimization transformations (alo) within the EOM
scope that relate analytical attributes (e.g., er; in EOMj). The emphasis of this type of

linkage is relating optimization attributes within an EOM scope and transforming

optimization attributes between specialized objects.

An EOM is considered as a specialized object if it can contain a general purpose
specialized object as exemplified by the presence of spob; with attributes m11,....,m17.
A specialized object is facilitated when special mathematical modules or specific
operations are performed many times on attributes of optimization. For instance, linear
approximation of objective functions based on Taylor Series expansion can be treated as
spccializeI:d object. Other examples can be the normalization of constraints and response
surface of approximation. Both product and analytical attributes in the scope of the EOM
can be typically related to the optimization attributes to such a specialized object. For
example, EOM-specific ala exist directly between a, and special object attribute
spob;.m;s. Similiarly, EOM-specific ald exist directly between p, and special object
attribute spob;.m,;s. Finally, EOM-specific alo exist directly between s; and special

object attribute spob;.m ;.

Optimization relations (er) are utilized for calculations by mathematical operations.
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4.2.3 EOM Protocol

This section describes the major operations of EOM called EOM protocol. These
operations have been supported by the implementation phase. Thereby, EOM data can be
accessed and utilized in the optimization process. First, the main tasks in the high level
has been described by a process diagram (Section 4.2.3.1), then the sequence of tasks
performed by EOM-driven applications using the EOM Protocols has been listed, finally

that list has been explained further.

4.2.3.1 EOM Protocol Process Diagram
The Figure below shows a basic process diagram for EOM protocol in IDEFO [U.S. Air

Force, 81]. IDEFO provides a structured representation of functions, information and

objects.
¥
. IDENTIFY (Req & Spec.)
Design 1 PROD. SPEC. 1
OPT MODEL,,
T (Req & Spec.)
CONSTRUCT
Soned OPT MODEL,, )
e 1 IDEFO Process Diagram
T ENHM{CE (Req & Spec.)
MODEL

|

l_._ SELECT A4
OPTIMIZATION
METHOD&TOOL

f

(Req & Spec.)

OPTIMIZE
AS

T TL E\M{UA

C L
I’:r:::ters RESULTS
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|

Figure 4-14 EOM Process Diagram
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In Figure 4-14, the process starts by identifying the product specific optimization model
by engineers. The engineers determine the objective, constraints and attributes in terms
of product and analysis data. Then, they prepare enhanced optimization models (eoms),
with their context based analysis models (cbams) and analyzable product models (apms).
Linkages among the product model, analysis model and optimization model are hereby
established. Then, the optimization agent selects automatically the proper optimization
method with user options and related tools from the optimization tool library. The agent
is represented as a class and its methods for the automatic selection of optimization tools.
The Optimization Solution Tool Method (OSMM) manages the model and tool
interactions. The agent again tells the system to generate OSMM for the specified
method and the tool. OSMM handles the preprocessing, execution and post-processing
with the optimization model information and control parameters necessary for the
specific optimization tool. The optimizer runs, updates and transfers data in conjunction
with the analysis and design tools. The process stops when the optimum is achieved

according to specified criteria.

Finally, the results are posted. Due to the evaluation of the results, the designer can go

back to change the optimization method and tools for the same model.

If the models need to be enhanced, then the Optimization Enhancement will support the
changes in the optimization model. The EOM allows enhancement of the optimization
model by adding or subtracting objectives, constraints and design attributes. It also

permits changes in the analysis programs and product data. The EOM will utilize the
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enhancement in the optimization model and archives of the optimization models during

the design process.

4.2.3.2 Sequence of tasks performed by EOM-driven applications using the EOM
Protocols

The following is an overview of a typical sequence of tasks and their sub-groups
performed by any EOM-driven applications using the EOM Protocols. A more detailed

explanation follows the itemized overview below.
Overview

1) Definition of Optimization Model Enhancement Models

-identifying and constructing an engineering optimization model

-partitioning of optimization, analysis and design models into their attributes and methods.
-building models (Preparing eoms, cbams and eoms with their schema and data).

2) Creation of cobs (EOMs, CBAMs, APMs) in EOM Protocol

-loading schema (definition information)

-loading data

3) Execution of EOMs Data.

-accessing data in the memory defined with schema and data

- solving relations that set forth in EOM by constraint graph theory (COB Based Analyzer).
-generating Optimization Solution Model Method (OSMM).

-deciding automatically the optimization method and tool based on eom data.
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-getting information related to model and tool parameters from OSMM
-initializing of optimizer (pre-processing).

-executing of the optimizer

-executing of the analyzer

-transferring generated data between optimizer and analyzer

-updating new data from optimizer and analyzer

-terminating the process

4) Data Saving

The following is a more detailed explanation of the itemized tasks above.

Description of the Itemized tasks of EOM Definition and Protocol

1) Definition of Optimization Model Enhancement Models

This stage deals with the context definition of the optimization model. In order to define
the optimization model, the series of tasks are performed. Those tasks are identifying and
constructing optimization problem, partitioning the problem into its optimization,

analysis and design entities, and building EOM models.

The identification and construction of an engineering optimization model for a product
is the first step during the definition of eoms with their desired merits, constraints to be
satisfied and design variables to be decided in their allowable limits. In this engineering

context, the optimization model derives which kind of product attributes are required
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from product data and which kind of analyses are required from analysis models and,
how theses data are associated in eoms. The engineering optimization model is another
deliverable of the models; it helps engineers unfamiliar with domain or information
management 1ssues to grasp the classical engineering view of the optimization model, in
addition, it prepares them toward new information representations of optimization,

analysis and design.

The requirements for the optimization model demand the partitioning of entities nto
their domains and the ufilization of optimization-analysis-design information. The main
purpose of partitioning is to develop modularity that allows model enhancement. Thus,
optimization models can be easily adapted to different analysis and optimization tools.
Data required for building an optimization model (EOM) can be retrieved from cbam and
apm attributes through associativity linkages, as well as optimization attributes in EOM.
Partitioning allows reuse of the analysis and design models, their attributes and relations
if they are available and associate the necessary data with the attributes in the
optimization models. If the analysis and design models, their attributes and relations are
not available, modify the cbams and apms by adding attributes and relations whenever

necessary or create them in the EOM.

The building models for EOM include the preparation of the definition files (EOM.cos,
CBAM.cos and APM.cos) and data files files (EOM.coi, CBAM.coi and APM.coi)) that
characterize the enhanced optimization model in lexical forms with its analysis and

design data information. An example can be found in Section 6-1 in the prototype
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development. This information will be input into computer memory as described in the

next stage and manipulated further in the execution stage.

2) Generation of EOMs

The EOM Protocol provides a way to input eoms into computer memory. The operations
are utilized as EOM Representation. In this thesis, lexical language has been taken as a

base to input the model definition into computer memory.

First, loading schema has to be issued in order to make the meta data that correspond to
schema (the domain—specific model template) available. This is done by parsing the
schema information. Schema described with EOM lexical language and stored in COS
files. The schema contains the information related to optimization models (eoms)

tailored to analysis models (cbams) and product models (pms).

Second, loading data has to be issued to create the domain-specific model (an instance of
the schema) by parsing the COI data file that describes the model with EOM instance
definition language. Eom, cbam and apm instance files corresponding to each eom, cbam
and apm schema files have been loaded. After loading schema and data, the information
content in the eom model is ready, in the memory, to be accessed and operated on. The
tasks listed above are constructed from one or more EOM methods as seen Figures 4-15.
There are other possible approaches for input. One is an interactive problem definition

through a Graphical User Interface (GUT's).
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Figure 4-15 Tasks for Input and Data Execution in EOM Protocol

After that creation of constraint network must be issued for each domain-specific model.

3) Execution of EOM Data

In this main stage, since necessary definitions and data have been in the memory, data

manipulation will be performed.

-accessing data in the memory defined with schema and data:

After constructing the eoms, the EOM Protocol must provide a way to access to instances
of eom. Any attributes of an instance are accessed via get attribute with full attribute
name as its argument. The full attribute name is obtained by concatenating the
attribute names all the way up to the eom receiving the method in the attribute hierarchy
tree from the primitive. To get and set primitive attribute values, get value and set value

may be issued in eom that is a specialized cob with full attribute name as its argument.
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For example, in Figure 4-16 a value of the real attribute bl in cob B can be obtained by
sending get value (bl) to cob B, get value (a3.b1) to root cob A, or get value( ) to bl, the

primitive itself.

Figure 4-16 Extended Constraint Network Diagram Example
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-solution relations that set forth in EOM by constraint graph theory (COB Based Analyzer).
Solution of unknown variables of domain-specific instance can be achieved via solve
operation available in root cob. Unknown variables trigger to create a series of
simultaneous equations from constraint network to be solved. The number of the
simultaneous equations is the same as the number of sub-graphs in the constraint
network. Simultaneous equations are created from two sub-graphed constraint network

to solve unknown variables.

To perform design checking or sizing, the directionality (input/output) of COB real-
instance may be changed. This can be archived by issuing set as output to change from
input to output. In a similar way, change from output to input, ser as input must be issued.
Also, relations may be relaxed (dis-activated) or activated. In order to relax a relation
currently active, set active( false) must be issued. To activate a relation currently

relaxed, set active( true ) must be issued [Wilson, 2000].

Generate Optimization Agent:

This includes the following main tasks to be performed in this process. One of them is the
decision process to identify automatically the suitable optimization methods and tools
based on eom schemas. The other one is the generafion of Optimization Solution Model

Method (OSMM) with subtasks of preprocessing, running and post-processing.

Decision to pick the right optimization methods and tools based on eom schemas requires

determining the structure of the optimization problem, and selecting appropriate method
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and algorithm from Optimization Library. Then, it requires running the specific
optimization tool based on the selected method. This is done automatically by selecting the
proper optimization method and the software. Since the knowledge about the optimization
problem with its attributes and methods are loaded into the memory of the computer, the
information related to the structure of optimization can be extracted and tested with a class

with its methods in object oriented approach.

Figure 4-18 shows a partial view of the classes of optimization methods and tools.

L Optimization Method

:[ Optimizatien Tool
________ i [
lpw“:llm - ] [ % }_.‘,fmlﬁ,_.___l W-E:“T_ ....... ‘
] ] Kairar | [Py rhed | | Fousio O b0
o

Figure 4-18 Classes of Optimization Methods and Tools

For instance, in the implementation, choosing the methods and tools is done by deciding
the design variables (parse the design variables, count them, see if they are continuous or
integer, evaluates them all together if continuous, discrete or mix_based problem). The
algorithm decides which method to use and which proper optimization tool to launch,

based on the optimization software from the library.

After the tool has been selected, Optimization Solution Model Method (OSMM) is
generated to manage the inputting the necessary model and tool parameter to optimizer

(preprocessing), running it and post-processing it. Information related to model and tool

88



parameters are used for the purpose of initialization of optimizer (pre-processing). The first
set of information is related to the modeling information that is independent from
optimization method and tool specification (The main focus). This requires the
specification of how many design variables with their upper and lower limits and starting
values (starting vector) are available. The modeling information also includes the answers
to the following questions; what are they, what are the objectives and constraints functions,
how many of them and are they defined as mathematical functions or black-box form (math
module, software, statistical tool, in-house code etc.)? The second set of information is
specific to method and tools selected. It includes the preprocess control parameters such
as how many iterations are intended and what is the convergence criteria needed to stop the
optimization process. Others are the options to control in the tool. They include how the

modeling information described above are formatted at preprocessing stage (GUI, Data

files).

-Execution of optimizer:

Optimizer - Analyzer - Design tools are at interaction among each other in the
optimization process.  Generally, optimization tools work in a recursive manner.
Starting with initial design variable vector defined in the definition stage, optimizer
evaluates the objectives and constraints calculated inside the optimization algorithm if
they are simple enough. Otherwise, they are generally transferred (linked to) from other
sources where more complex analysis might be required by specialized analysis modules.
For instance, these modules can be wrapped in COB Analyzer as an external tool in the

implementation. Calculation in the optimizer is based on some sort of search algorithm
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to find optimum value of the objective function by evaluating the objectives and
constraints (see optimization methods [More, 1994]). The optimizer is stopped when
desired convergence or iteration number achieved. Otherwise, they give a new set of
variables toward better objectives during the search at each iteration cycle of the

optimization process.

The new design variables are used to find the new responses and behaviors to calculate

the objective and constraint functions. Generally, analyzers are used for that purpose.

-Transfer generated data between optimizer and analyzer (Cob Analyzer):

The new design variables are fransferred to analyzers and design tools. Again, responses
from the analyzers are calculated and the objective and constraint data is transferred into
the optimizer. In this thesis, we utilized a cob analyzer to calculate necessary information
by benefiting of object oriented approach. When information from the optimizer is ready,
COB Analyzer utilizes this data to find the desired behavior or responses, otherwise
analyzer waits for data until the data from optimizer is available. Utilization of this data
from the optimizer includes retrieving the new design variable value, setting the design

variables with new values and re-solving the problem again.

The same is also true for the optimizer, after the first initialization, the optimizer runs and
outputs a new data used by the analyzer, otherwise, it waits for the data from analyzer. The
crucial data from the optimizer is the new design variables transferred to the analyzer. The
crucial data from the analyzer is behavior or response values used in the objective and

constraint functions.
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update new data from optimizer and analyzer :

This requires updating the new design variables, behavior variables, constraints and
objectives in every recursion cycle. This can be thought of as broadcasting. This
information could be used in interactive (dynamic) iteration history, post-processing, CAD

models and log information.
terminate the optimization process by optimizer due to a criteria:

Recursion process is terminated by the optimizer, when the convergence or iteration criteria
is met. Criteria are being checked in every iteration cycle. Convergence criteria is
generally based on checking the successive absolute normalization values of the objective
values and/or design variables not to exceed the specified error. Iteration criteria must not
to exceed allowable iteration number depending on method and heuristic knowledge. Both

cases are shown below.

\objecrivem — objective,

I

X1 — %

S€,

xl’

——— ‘ Sgor
l objective, ‘

IterationNo < MaximumlterationNo

4.2.3.3 Data Saving

The EOM Protocol provides a way to save data. The instances created or modified
during the utilization of the EOM may be saved as linked or unlinked forms. The linked

instances conform to the linked version of EOM schema that has one cob-set merged
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from two or more cob-sets. The linked instances can be separated into the unlinked

instances that conform to the original individual cob-sets of the COB [Wilson, 2000].

Chapter 4 presented the main building blocks of EOM representation with its information
model, description languages and its protocol in implementation independent form. The

next chapter explains how those concepts are implemented in a prototype.
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CHAPTER 5

EOM REPRESENTATION IMPLEMENTATION

The previous Chapter 4 formally introduced the EOM Representation. This section briefly
explains a prototype implementation of the EOM Representation with the flap link
illustration. The concepts presented earlier will be implemented in a developed computer
program called EOM Tool. Then, a prototype example presents the main functions of
EOM Representation implementation through the EOM Tool. Subsection 5.1 presents the
implementation phases in the computer environment. Later, these phases are paralleled to
the EOM protocol. Then, a flap link optimization example illustrates the main
functionality of the EOM representation. The next chapter will present the test cases from

different domains to further demonstrate the functionality, diversity and capability of the

EOM representation.

5.1 _Computer Implementation of EOM Representation

The EOM Representation is implemented with an object-oriented programming language,
Sun Microsystem’s Java interacting with Optimization Programs (CONMIN 1978),

Constraint Solver (Mathematica), and Analysis Programs (ANSYS Finite Element



Program). Text files are also used for defining schema and instance files. The simple

architecture of the EOM Representation is shown in Figure 5-1.

Java is used as a Browser for loading the schema and instance files into memory and then
to execute the objects defined in the eom files for the purpose of optimization. Entities in
the EOM Information model are converted to Java classes and EOM Protocol operations.

Protocols are converted to methods using these classes.

The browser also 1s used to execute the data for the solution by constraint solver, allowing
bi-directional calculation, interaction with optimizers and analyzers. Optimizers are used
in conjunction with the analyzer. The optimization model’s information is supplied by the
analyzer. Optimizer algorithms can be transformed into computer languages. They can be
commercial or research algorithms developed by organizations and universities.
CONMIN, Modified CONMIN and BFGS are used during the implementation of prototype

development and test cases in Chapter 7.

Some functions of the Xaitool have been utilized and extended to the level of optimization
model building, running the optimizer in addition to analysis capabilities. The EOM Tool
utilizes and extends the XaiTools™. The EOM Tool is a Java-based prototype-tool for
optimization-analysis integration. Basically, EOM Representation sweeps concepts of
optimization, analysis and design taking optimization as a base. The EOM Representation

extends the MRA [Peak, 1995]. EOM concepts are implemented in the EOM Tool.
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The current tool for architecture, XaiTools, is explained in [Wilson, 2000]. Some
functional characteristics of XaiTools include the integration with representative analysis
tools FEA (Ansys) and general mathematics symbolic solver (Mathematica). Mathematica
is used as a main engine for the calculation of relations represented with the constraint
graph theory. When special analysis is required, the analysis is handled through that engine
(Mathematica). For instance, an external tool (Ansys FE) is required to calculate the stress

for the given geometry and loading parameters defined in the cbam, executed through

Mathematica.

Basically, EOM Representation implementation has been also divided into different phases
as described in the EOM Protocol Section. The phases with tools in the architecture are

described below.

1) Definition Stage

This is the Enhanced Optimization Development stage. Lexical forms are used to define
the necessary objects describing the optimization domain with its links to the analysis and
product domain. For that purpose, the text editor has been used to specify eom, cbam and
apm schema files with cos extension. The text editor also has been used to define the data
file with coi extension. Data files correspond to schema files. Express files with exp
extension and Part 21 files are also supported. Eom schema files represent the optimization
related objects with links to cbam and apms. Cbams represent the analysis objects with

links to design objects. Apm objects define the design information with its geometric and
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material data schema. Schema and object definitions are given in the text files with cos

extension.

Tool: A text editor.

Representative definition files (eom.cos and related cbam.cos and apm.cos) in the flap link
example have been presented in section 6.1 in the next chapter. The data files (eom.coi and
related cbam.coi and apm.coi) are prepared in the same way. It is also possible to use a

graphical user interface (GUI) instead of lexical forms.

2) Input Stage(loading)

Solver: Java Browser is used to load schema and to load files.

Tool; Java - GUL

As described earlier in Chapter 4, Schema Definition and Instance files have been defined
in text files with a specified format in lexical forms. Those files are loaded to the EOM
Tool browser to send the information content from the files to the computer memory.
Schema files contain the meta data about the domain related enhanced optimization model
information with its attributes and relations. The eom.cos and eom.coi files for the flap
link prototype example have been prepared in the definition stage by the engineers. During
this stage, the text files prepared at the definition stage have been loaded. The Java
Browser has been developed to load the definition and data files. The Java browser is

capable of parsing and reading the EOM lexical forms.
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In Figure 5-1, the input stage can be seen. The user picks the proper definition and data
files prepared for the optimization of the particular part from the browser. Specifically, the

user chooses the buttons:

a) Loading for an eom_cos file with the links to CBAM and APM using EOM browser.

This action leads to creating constraint object structure

b) Loading for instances of eom.coi and cbam.coi and apm_geometry.coi and

apm_material.coi.

Data Execution Stage

The information model about the optimization problem with its attributes and methods has
been loaded into the memory of the computer in the previous stage. Then this data will be
manipulated to find an optimum solution. For that reason, the actions described in the
protocol section have been implemented with the following method and tools. Those tools

are specified in the Figure 5-1 with the blue text next to the figures.
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EOM-Agent: Java Class

Solver: Used Constraint Graph Theory -

Tool: Mathematica

Optimizer :

Methods: Modified Feasible Direction Method

Variable Metric Method
Tools: CONMIN, NASA FORTRAN based optimization software

BolinkGeneral, FORTRAN based optimization software
Modified BFGS FORTRAN based optimization software

Analyzer: FE Element Analysis, Formula, In-house

Tools: ANSYS, Mathematica, FORTRAN, Java

Figure 5-2 Methods and Tools used for EOM Implementation

The optimization agent is a Java class with its attributes and methods; it works underneath
the EOM Browser. The Optimization Agent determines the character of the optimization
problem based on eom information contents, and it also chooses the proper optimization

method and tool. Then, it generates Optimization Model Methods (OSMM) based on the

selected tool for handling the preprocessing, execution and post processing tasks.



The information about the structure of optimization can be explicitly retrieved and tested
with a class or methods. The algorithm decides which method and which proper
optimization tool to use based on the optimization software from the library. Figure 5-3
shows some part of the optimization agent by the methods in pseudo code. That is an
illustration of the optimization agent implementation. Basically, the agent parses the
design variables, counts them to see if each design variable can be treated as continuous or
integer, then evaluates them all together to determine whether the optimization model
requires the continuous, discrete or mix_based optimization tool. The second part is to

transfer the necessary optimization model information and tool dependent information to

the tool for automation purposes.

/* AFTER, THE FIRST READING EOM, DECIDE THE CHARACTER OF THE PROBLEM,
CHOOSE THE METHOD AND PREPARE THE OSMM (PREPROCESSING, SOLUTION AND
POSTPROCESSING)

*/

//How many design variables are available and, which kind are they?

/* This section is about getting x*** attributes (design variables) from the memory */

String(] design_variables = new String[ parseDesignVar(''x"").length];

System.out.println ("CHOOSING THE APPRPRIATE METHOD");
/* The java method in bold, does the following task

First sort it out continuous variables from discrete, then count each
If all continuous then

"CONTINUQUS" method

If all discrete method

" DISCRETE"

if between them

"MIX_INTEGER methed."

%)

public String decideDesVar(String DomainName,String[] DvName)

[*PREPROCESS OF OSMM : */
/#OSMM INFO to a file (transformation) */
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/*A- (OPTIMIZATION MODEL INFORMATION TRANSFORMATION)*/

public void Transfer{String[] ocbjective,String[] constraint,String[] desvar)
{ System.out.printIn("INITIAL TRANSFORM TO OPT");

String outputFileName = "INITIALOptOSMM.txt";
/*B- (OPTIMIZATION TOOLS CONTROL PARAMETERS)*/
public void Transfer(String[] epsilon, String[] max_iter_no , String[] )
[*
-RUNNING OPTIMIZER FROM LIBRARY CLASS OPTIMIZER (They have a library of tools and
which environment to run them). In the case of flap-link implementation tools are bolinkgeneral.exe for
continuous bolinkgenerall.exe for mixed and discrete.exe for discrete*/
om= new Optimizerl();

if (gg.equals("'c"") )

{

om.optim("'D:\XaiTools\\v0.3\\optimization3-cob-improve\\bolinkgeneral.exe');
System.out.println(" Continuous'"); }

if (gg.equals("mix') )

{

om.optim("'D:\\XaiTools\\v().3\\optimization3-cob-improve\\bolinkgenerall.exe');
System.out.println(''Mixed");

}
if (gg.equals(''d"") )

System.out.println(’'Discrete’');
proexec(" D:\\XaiTools\\v0.3\\optimization3-cob-improve\\discrete.exe");

}

Figure 5-3 Optimization Agent Implementation Illustration
Optimizers

There are numerous algorithms and codes of optimization available in the optimization
field for research and commercial usage. Each handles a specific class of optimization
problems with its strengths and weaknesses in functionality, performance and accuracy.

During the preparation of the optimization library, the aim was to illustrate the functionality
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of EOM more than performance. For that reason, programs in the optimizer library are
chosen or developed on the basis of availability and familiarity. The library can be
extended to cover a variety of optimization problems with optimization tools that are more

accurate, powerful and have better performance.

In the prototype implementation, the BolinkGeneral program has been used with its
CONMIN subroutine [Vanderplaats, 1978]. CONMIN is a NASA developed optimization
program based on the method of Feasible Direction. It is written to solve linear and non-
linear constraint and unconstrained optimization problems. The advantage of that program
is that it is written as a subroutine and easily interfaced with another program such as FE
programs. It is also a FORTRAN program that is publicly available and widely used in the
structural optimization area. CONMIN is a general purpose numerical optimization
subroutine which can be used to solve a variety of optimization problems. CONMIN will
change the input values of the analysis to optimize the user defined objective, subject to
constraints that are generally supplied from analysis. The response values from analysis
define the objective and constraint function values. The responses calculated in the
analysis programs can be linear or nonlinear functions of design variables. They may be
simple formula based analytical functions or they may be highly complicated implicit
functions of design variables. The latter may require special computational analysis

packages to obtain the desired responses used in the optimization model.

BolinkGeneral calls the analysis programs repeatedly while searching the optimum of the

optimization problem.
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"CONMIN is a FORTRAN program, in subroutine form, for the solution of linear or
nonlinear constrained optimization problems. The basic optimization algorithm is the
Method of Feasible Directions. The user must provide a main calling program and an
external routine to eva]uatellhc objective and constraint functions and to provide gradient
information. If analytic gradients of the objective or constraint functions are not available,
this information is calculated by finite difference. While the program is intended primarily
for efficient solution of constrained problems, unconstrained function minimization

problems may also be solved, and the conjugate direction method of Fletcher and Reeves is

used for this purpose."[CONMIN Manual, 1978].

In many mathematical problems, it is necessary to determine the minimum or maximum of
a function of several variables, limited by various linear and nonlinear inequality
constraints. It is rarely possible to solve these problems directly, and iterative methods are
used to obtain the numerical solution. CONMIN is a FORTRAN program, in subroutine
form, for the minimization of a multi-variable function subject to a set of equality and

inequality constraints.

OBJ need not be a simple analytic function, and may be any function that can be
numerically evaluated. Figure 5-4 shows the main usage of the Bolinkgeneral program

with its analysis and optimizer subroutines.
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Bolinkgeneral
Main Program

Analysis Optimizer:
Program CONMIN

Figure 5-4 Usage of BolinkGeneral Optimization Program

EOM Agent launches the executable version of the structure shown in the Figure 5-5.
Generally, the analysis function or subroutine is provided to evaluate the objective and
constraint values. In the prototype implementation, the COB analyzer has been used to
direct the necessary analysis evaluation. The main program of the optimizer calls the
CONMIN to proceed with the optimization. The optimizer modifies the design variables
during the search for the optimum. When the optimizer requires the values of the objective
function and constraints corresponding to the optimization model, the main program

obtains the evaluated objective and constraint values transferred from the analyzer.

BolinkGenerall is a modified version of BolinkGeneral which is used to simulate a mix-
integer algorithm developed by the author. It finds the continuous optimum solution for
holding constant each discrete set by using CONMIN. Then, it sorts the best objective
function value among the discrete set where the continuous optimum has already been
found. This program can be easily replaced by a more efficient and faster program doing
the same function. In the truss test cases in Chapter 6, BolinkGeneral and BolinkGenerall

are utilized again.
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Another program based on BFGS method is also utilized for the Solder Joint Fatigue case

(Chapter 7). That program is also extended to handle the mix-integer optimization

problems.

BFGS is a variable metric method. The prototype implementation is based on FORTRAN.
The aim of variable metric methods is to accumulate information successive line
minimization so that such line minimizations lead to the exact minimum of a quadratic
form in N dimensions. The basic idea of the variable metric method is to build up,
iteratively, a good approximation to inverse Hessian Matrix [Press et al., 1992]. It could be
the feasible direction method if it is appropriate for the mathematical structure of the

problem. The Figure 5-5 below shows a screen shot of the fatigue life optimization

program.

| "' D:\XaiT ools\v0.3\optimization3-cob-improve\fat.exe E =1 B3 i
BFile “InOpt.txt"' Exist:DONE !:'
EDatrenin nn onet
fDatrenin design il
iDatreninobhj=cont

FINFO FROM ANALZYZER TRANSFORMED TO OPTIMIZER

““{ilc inOpt.txt must have bheen deleted

L
JAUADAN GELEN DATA__
-4 _828080880680080H
1x{>= 5 .06608806BOAOGBBAE-0602
1g¢d>= -—-7.22208080000088BAE-BA1
2x (= 8.8808PEBBEEEBEBAE +BBA
: 2g€C>= —9.928068080060800B0E-A81
gl and g2 -—7.2220800080000868E-801 -%9.92800008808800RE-BA1
subroutinden dogru mu geldi

5 .BB0PBRBANBABABAE—BA2
i 14 5 .08ARABABBERARARE-BA2 a,
INFO FROM Optimizer lriteen TO OutOpt.txt
OSSPl rrrr s
datreden once x(1)= 5 . BARKBENNBRRGRBARAE-—BR2x€(2)=

8.00000000000008RE+AA8

Figure 5-5 Execution of Optimizer for Fatigue Life Optimization
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Furthermore, ANSYS optimizer routines are sometimes utilized when ANSYS is used as
the analyzer. These optimizer routines are highly coupled with the ANSYS analyzer.

ANSYS optimizer implementation will be discussed in the related test cases.

Analyzer:

For formula based analysis, FORTRAN program and Mathematica have been used to

find the desired outputs from analysis.

FE element analysis has been used for higher fidelity analysis, where formula based
analysis is not adequate to model and solve the analysis problem. ANSYS FE program has

been used in this thesis for that purpose.

3) Output Stage (Post-processing)
Eom Browser:

The EOM Browser is generated to load the schemas and data, then solve for the loaded
system with their initial design configuration. Loading schema and data to the memory and
generating constraint network helps the next step to manipulate all those data. As

described in earlier sections, the domains are partitioned as eom, cbams and apms.

Figure 5-6 shows the EOM browser with its initial configuration as defined in the schema
and data files. Flap_link optimization has objective named as obj and two constraints as gl
and g2. It also has analysis object cbam] and design object apm (truss_link), which has its

own attributes shown in the figure.
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An engineer first loads eom objects with links to cbam and apm objects [Wilson, 2000],
and then loads instances of eom, cbam and apm and material objects consecutively by Eom
Browser. This will create a constraint network. Mathematica is utilized to solve the

necessary desired responses and behaviors used in optimization model of eom.

P[] E3|

ﬁgﬁﬂaiTools - Optimization Constrained Dbject Browser
File Schema Instences Utities Help
flap {
g1 =-0.722222222222
g2=-0.992872578805
ohi= 4.828
area=1
cham1 = link_extensional_model (
name = "huseyin"
link=truss_link (
part_number="XyZ-510"
designer ="J. Smith"
material = material (
name = "steel"
density=0.284
yield_stress = 36,000
stress_strain_model = material_levels (
linear_elastic = linear_elastic_model {
youngs_modulus = 29,000,000
poissons_ralio=0.3
cte = 0.00001
shear_modulus = 11,153,846.15384615168) ) )

1=17

w=1

t=1

volume=17

weight= 4,828

area=1

inertia = 0.083333333333)
associated_condition = condition (

description ="flaps down"

Figure 5-6 EOM Browser

Later, the optimization and analysis interaction occur and corresponding data are updated

in each iteration of the optimization process.

107



EOM Grapher:

Although XaiTools supports integration with representative design tools: geometric CAD
(CATIA), libraries (materials, fasteners) [Tambqrini 1999, Chadenskar 1999, Wilson
2000]. The Geometric Modeler simulation for flap link has been implemented in Java
using Graph classes. Figure 5-7 shows Optimization Grapher for flap_link test case.
Figure 5-7 shows the flap link geometry before optimization and after optimization such
that the design changes of the geometry of the flap link for every iteration loop.

=4 0aiT ools - Optimization Constrained GRAPHER

T TR T —

[Soive All| Soive Unlinksd | ~oPTIMIZE |

Figure 5-7 EOM Grapher for Flap Link

The main purpose of the grapher is the simulation of CAD model and data interaction
between the optimizer and CAD. In other words, Figure 5-7 demonstrates the graphical
form of the object. It is a simulation to geometric model to demonstrate how certain

parameters changing dynamically in each iteration.

Optimization Iteration History

EOM Tool generates another view to keep track of the iteration history of the objectives,

constraints and design variables in each recursive step. Display is a frame in Java as a
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tabulated form. It is also possible to generate graphical iteration history of the objectives

and constraints using the tabulated data.

The next chapter explains test cases in which EOM concepts are developed, and

implemented with the prototype described in this chapter.
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CHAPTER 6

TEST CASES

This chapter presents a series of cases that test and validate the EOM Representation.
The results of these test cases will be used in Chapter 7 to evaluate the EOM
Representation. This evaluation will be compared with the objectives set in Chapter 3 in
order to demonstrate the EOM Representation capabilities. For that purpose, three
optimization problems with their different models are presented in this chapter. These

test cases, each corresponding to a different engineering part, are respectively,

1. Flap Link Optimization (Subsection 6.1);
2. Ten Bar Truss Optimization (Subsection 6.2);
3. Solder Joint Fatigue Life Optimization (Subsection 6.3);

As illustrated in Figure 6-1, these test cases include Test EOM Definitions and

Applications.

s

gaps~lest case Flap_Link 10-Bar Truss Solder Joint
addressed

Opt:mnfmon s o -

Enhancement Sree=" —

Method & Tool e -
__Identification

Extend MRA == = ~

Figure 6-1 Test Cases versus Main Functions of EOM
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Section 6.1 presents a prototype example of a flap link, for explanatory purposes. The
flap_link_preliminary design with its low fidelity analysis is simple enough to show basic
ideas about the product data, the detail analysis, the model enhancement and the
optimization method selection aspects of the system. Starting with a simple example
demonstrates the development of eom models in conjunction with cbam and apm models.
First, eom has been developed with preliminary apm and low fidelity cbam. This eom
shows how the integration has been performed through eom representation. Lexical and
graphical forms of EOM have been demonstrated in this example. EOM Definitions that
utilize the EOM Definition Languages are introduced in Chapter 4. Section 6.1 presents
EOM Applications that demonstrate the use of the Java classes and methods presented in
Chapter 5: EOM Implemention. Enhancement of optimization models based on analysis
model Al (1D case), and the later higher fidelity analysis model A2 (2D FEA) has been
illustrated. Results of the flap link optimization case have been presented. Selection of
the optimization method and tool based on the information content of the optimization

model has been demonstrated with this prototype.

Also shown in Figure 6-2 is the test case for the ten bar truss presented in Section 6.2.
The main emphasis for this case is to compare the optimization results with the published
results. This example also shows that flap_link_preliminary product data can be used for

this case. The links of the ten-bar truss have the similar geometry and material data.
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Figure 6-2: EOM Representation Application and Testing

Finally, Section 6.3 presents test cases demonstrating an EOM approach with a solder
joint fatigue life optimization case. This example utilizes the Engelmair fatigue model
for the lower fidelity analysis. Based on that model, optimization models have been
developed. Later, the fidelity of the analysis was increased as the 2D Finite Element of
the rcctanglel and a detailed cross-section of the solder joint were used to calculate fatigue

life. Again, optimization models have been generated based on those models. The eom

representation of this case with associativity links has been demonstrated.
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6.1 Prototype: Flap Link

6.1.1 Physical Description

The flap link has been used as a prototype first test case. The engineering drawing of a
flap link is shown in the Figure 6-3 below. This flap link prototype example was
developed in EISLAB during the PSI Boeing project [Peak et al., 1999]. It is a simple
rod composed of two sleeves (sleevel and sleeve2), a shaft, and two ribs (ribl and rib 2).
This product is designed to work at compression and tension loading conditions. The
main emphasis in this prototype is to illustrate the main concepts of EOM representation

starting with a simple design.
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Figure 6-3 Flap Link Engineering Drawing (CATIA)[Chandeskar, 1999]
113



This design evolves from the preliminary to the detailed stage. Figure 6-4 represents the
engineering in detailed design stage ready for manufacturing. During the product
development, iteration is required at different stages of the design. As the design
evolves, it requires more extensive optimization and analysis models to satisfy the design

requirements.
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Figure 6-4 Flap Link Design Model (Detailed)

The early design stage of a flap link has been shown in Figure 6-5. This simple flap link
design can be treated as either the design at an early stage or as an idealized view of the

detailed flap link shown in the Figure 6-3.
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Figure 6-5 Flap Link Design Model (Preliminary Stage)
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6.1.2 Engineering Optimization Model

For instance in the development of the flap link, the requirements on the product are such
that product must be extremely light in weight. Meanwhile, the normal stress and
buckling due to its loading condition must not exceed the allowable limits. Those
limitations are the constraints imposed on the optimization model. In this case, the only
parameter that is a variable is chosen to be the area of the link. In other words, a design
variable is the area of the link. The engineering optimization model for preliminary flap
link is shown below. The model is developed based on those requirements. Note that the

engineering optimization model can be easily enhanced by adding more design variables
in addition to area, or by adding more constraints and objectives even for this simple

design, as requirements. The enhancement will be described in the next Chapter.

ENGINEERING OPTIMIZATION MODEL

Minimize
fi=PLA Weight
Subject to
8 =NGC,,,(A)<0 Normalized Stress Constraint

& =NG.cuinfA)<0 Normalized Buckling Constraint

Design variables
X={A]}

Figure 6-6 Engineering Optimization Model

Generally, engineers develop design optimization models with engineering entities.
Those entities in the first cut are combined in the model. Note that the optimization
model is built in terms of domain-specific notation in the engineering domain. It is
convenient to partition the model, its optimization, analysis and design objects. In the
model, the objective function f;, the minimization of the weight of a prismatic link (See
Figure 6-5), is subject to structural constraints g; and g, that require specific analysis
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such as stress and buckling analysis. It is also required that the relevant constraints are to
be satisfied. The stress and buckling analysis are treated as analysis objects that supply
information constraint objects in the optimization model.

The parameters that describe the weight, density of material, length and area are the
attributes of design belonging to the Product Model. Similarly, they supply information
to the optimization and analysis models. The engineering optimization model is one of
the deliverables of the EOM representation. The next step in the EOM model is the

preparation of eom.cos with its link to a cbam.cos and apm.cos.

6.1.3 EOM Representations of Flap Link

The lexical forms are computed by the EOM Tool. It uses the EOM representation with
its languages and protocols. The template corresponds to engineering optimization
model 1 shown below. It is an application of the lexical form defined in Chapter 4.
Those lexical forms are loaded to the EOM Tool. The EOM Tool uses the objects

defined in those forms and performs analysis and optimization.

6.1.3.1 EOM 1exival Forms:

Example: The EOM lexical forms of flap link optimization are given below.

EOM flap_optimization SUBTYPE_OF link_optimization_model;
DESCRIPTION
"Represents minimization of weight of flap_link with respect to area”
PART STRUCTURE
link:flap_link_preliminary;
OBJECTIVES
min
obj: REAL; /*WEIGHT OF FLAP LINK *
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max
Null
CONSTRAINTS
euquality_constraints = ()
Null
ineuquality_constraints < 0
gl: REAL; /*STRESS CONSTRAINT*/
g2: REAL; /*BUCKLING CONSTRAINT*/
DESIGN VARAIABLES
area:bound_continuous;
ANALYSIS MODELS
cbamla : chams.link_extensional_model; /*STRESS ANALYSIS 1D FORMULA*/

cbam?2 :  cbams.link_buckling_model;  /*BUCKLING ANALYSIS FORMULA*/
RELATIONS

ASSOCIATIVITY _LINKAGE CBAM

alal : "<area> ==<cbam2.deformation_model.area>";

ala2 : "<gl> == (1.0/(<cbamlb.sx_mos_model.margin_of _safety> + 1.0))-1";
ala3 : "<g2> ==(1.0/(<cbam2.buckling_mos_model.margin_of_safety> +1.0))-1";
ASSOCIATIVITY _LINKAGE PM

aldl:"<objl>==

(<area>*<cbam?2.link.effective_length>)*<cbam?2.link.material.density>";

END_EOM;

The EOM flap link_optimization model has two analysis attributes named chamlb and
cbam?2. Cbamlb has a link to chams.link_extensional_model object. Cbam2 has a link to
cbams.link_buckling_model. Below, only chams.link_extensional_model has been shown
with its template lexical form as an illustration. The analysis object has its own objects to
define the analysis context. The EOM flap_link_optimization model also uses the
cbams.link_buckling_model; it is not shown here (see Appendix).

CBAM Analysis Models:

CBAM link_extensional_model SUBTYPE_OF link_analysis_model;
DESCRIPTION "Represents 1D formula-based extensional model.”;
ANALYSIS_CONTEXT

PART _FEATURE
link : flap_link_preliminary;
BOUNDARY_CONDITION_OBJECTS
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associated_condition : condition;
MODE
"tension";
OBJECTIVES
stress_mos_model : margin_of_safety_model;
ANALYSIS_SUBSYSTEMS
deformation_model : extensional_rod_isothermal,
RELATIONS
ASSOCIATIVITY LINKAGE
all : "<deformation_model.undeformed_length> == <link.effective_length>";
al2 : "<deformation_model.area> == <link.shaft.critical_cross_section.basic.area>";
al3 : "<deformation_model.material_model.youngs_modulus> ==
<link.material.stress_strain_model.linear_elastic.youngs_modulus>";
ald : "<deformation_model.material_model.name> == <link.material.name>";
al5 : "<deformation_model.force> == <associated_condition.reaction>";
al6 : "<stress_mos_model.allowable> == <link.material.yield_stress>";
al7:"<stress_mos_model.determined>==<deformation_model. material_model.stress>",

END_CBAM;

The EOM flap_link_optimization model has also a design (part_structure) attribute
named link. Link has a linkage to the flap_link_preliminary object. Below,
flap_link preliminary has been shown with its template lexical form as an illustration.
The design object has its own objects to define the design context in the analyzable
product model. Cbam objects also utilize the same design object below.

Analyzable Product Model (APM):

APM flap_link_preliminary SUBTYPE_OF part;
sleevel : sleeve;
sleeve? : sleeve;
shaft : prismatic_shaft

END_APM

APM prismatic_shaft;
ESSENTIAL ATTRIBUTES
l:REAL;
w . REAL;
t: REAL;
area :REAL;
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volume : REAL;
weight : REAL;

IDEALIZED
effective_length: REAL;
RELATIONS
PRODUCT_RELATIONS
prl : "<area> == <w>¥<t>";
pr2 : "<volume> == <I>*<w>*<t>";
pr3 : "<weight> == <volume>*<material.density>";

IDEALIZED _RELATIONS
prl : "<effective_lenth> == 1.3*<[>";
END_APM;
Above the flap_link_preliminary design object is represented as an analyzable product
model in a lexical form similar to EXPRESS language. Below, the design representation

has been explained. An EXPRESS-G Diagram of the flap_link_preliminary has been

shown. It is possible to generate an EXPRESS_G Diagram from the EOM lexical forms.

In the context of this thesis, we define a design representation as a product data model
tailored to analysis and optimization. The definition of product data is given below from
ISO standard as "A representation of information about a product in a formal manner
suitable for communication, interpretation, or processing by human beings or by
computers” [IS0-10303-1:1994(E), 1994]. APM’s represent detailed, design oriented
product information. APM is considered to be the master description of a product that
supplies information to other product life cycle tasks, including engineering optimization,

analysis and manufacturing.

119



The Product Model represents geometry and material information that is part of a product
and support idealization that can be used in different analysis and optimization models.
An idealization in the APM context means a derived attribute of a design obtained by
functional transformation of product attributes. Then, these attributes can be used in
analysis and optimization models. Generally, these attributes are simple approximations
to abstract the essence of the product as required by analysis and optimization, such as
effective-length, which calculates the critical load in a buckling column. Basically, a
product model is an information source to optimization and analysis models; that model
contains information related to geometrical and material description of the product.
Again, referring to Figure 6-5. the geometric description view of the information
modeling language of product at early stages of design with its parameters was described
as APM flap_link_preliminary. Those parameters will be determined from analysis and
design considerations. Below, Figure 6.7 shows the product data of flap-link

corresponding to the above in the Express-G diagram.
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Figure 6-7 Express_G Diagram of Flap Link (Preliminary Design)
The Express-G diagram is an object relationship diagram used as a graphical model
representation that emphasizes the is-a and part-of relations between objects used to
represent product, analysis and optimization models as explained in Chapter 4.
As an illustration of how to interpret the diagram, the flap link object has a prismatic link
and two sleeves connected to the end of the link. This prismatic link has the part’s length,
width, height, derived attribute area and approximated attribute effective length.
Similarly, the sleeve has diameter and width. Link also has a material model with
attributes including young’s modulus, shear modulus, poisson’s ratio and coefficient of
thermal expansion. More detailed product data can be generated as design progress with

more information content. Figure 6-4 shows such a more developed flap link at the
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detailed stage of the design. Its apm lexical constrained object form and its Express_G
graphical representation have been given in [Wilson, 2000]. Optimization and analysis
models utilize product models. Multiple optimization and analysis models of varying
fidelity utilize the product data models by retrieving and passing data. This enables
modularity and reuse for enhancement of optimization models.

SCHEMA flap_link_apm;

SOURCE_SET flap_link_geometric_model ROOT_COB flap_link;

USE_FROM lib/apm.cos;

COB flap_link SUBTYPE_OF part;

part_number : STRING;

inter_axis_length, L<sub>a</sub> : REAL;

IDEALIZED effective_length, L<sub>eff</sub> : REAL;

sleevel : sleeve;

sleeve? : sleeve;

shaft : tapered_beam;

ribl : rib;

rib2 : rib;

allowable_twist : REAL;

allowable_twist_factor : REAL;

allowable_inter_axis_length_change_factor, C<sub>&phi,; </sub> : REAL;

allowable_inter_axis_length_change , C<sub>&Delta;La</sub> : REAL;
RELATIONS
PRODUCT_RELATIONS

prl : "<sleevel.originy> == <origin.y>";

pr2 : "<sleevel.origin.y> == <sleevel.origin.y> + <inter_axis_length>";

pr3:"<ribl.height>= (<sleevel.width> -
<shaft.critical_cross_section.design.web_thickness>)/2";

prd : "<rib2.height> == (<sleeve2.width> -
<shaft.critical_cross_section.design.web_thickness>)/2";

pr5 : "<ribl.thickness> == <shaft.critical_cross_section.design.web_thickness>";

pr6 : "<rib2.thickness> == <shaft.critical_cross_section.design.web_thickness>";
PRODUCT _IDEALIZATION_RELATIONS

pirl : "<effective_length> == <inter_axis_length> -
(<sleevel.hole.cross_section.radius> + <sleeve2.hole.cross_section.radius>)";

pir2 : "<shaft.critical_cross_section.design.total_height> ==
<sleevel.outer_diameter>";
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pir3 : "<allowable_twist> == <allowable_twist_factor> * <effective_length>";
pird : "<allowable_inter_axis_length_change> ==
<allowable_inter_axis_length_change_factor> * <effective_length>";
END_COB;
END_SOURCE_SET;

END_SCHEMA;
Figure 6-8 Flap Link COB Definition at Detailed Design Stage

6.1.3.2 Constraint Schematic Diagram of EOM of Flap Link Prototype

The Constraint Schematic is another graphical view of lexical form with easy to visualize
object constraint concepts as explained in Chapter 4. The EOM relations are essentially

constraint objects. Thus, mathematical operations are utilized among the primitive real

attributes of EOM.

Figure 6-9 shows the defined relations of EOM in constraint schematic form for the

prototype example, flap link optimization with its analysis and product objects.
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Figure 6- 9 Relations and Associativity for Flap Link for eom1

The EOM Model flap link optimization in Figure 6-9 has an optimization model that in
turn has an objective (minimization of weight), a constraint (normal stress_constraint)
and a design variable (area of the link). The other constraint (buckling constraint)
described earlier has been omitted in this illustration. The EOM Model flap link
optimization has also a cbaml called cbam_extension and a product structure called

flap_link_preliminary.

chbam_extension is an analysis object with its own attributes shown as the cbam block in

blue color in Figure 6-9. Similarly, the flap_link_preliminary design object has been
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shown in another block in turquoise color in Figure 6-9. Those objects are the
information model ingredients extracted from the engineering optimization, analysis and

design models.

The figure below shows a part of the constraint schematic where the product’s area,

length and density has been multiplied in a relation called r1 and linked to the objective

attribute of eom.
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Figure 6-10 EOM Constraint Object Relation, erl

The optimization-design transformation (ald) links those design attributes to optimization
model. One specific illustration of the associativity linkage to the design relation is
shown in Figure 6-10 (Constraint Schematic Diagram). The ald4 links the optimization

attribute, objective to design attribute and product weight in the following manner.

ald4: oem.objective[l] == apm.link.weight



The above statement is written in the EOM of lexical information language form that is
computable. This statement is read as fourth associativity linkage to design relation
(ald4) of the enhanced optimization model linking EOM model to APM model. EOM
has a list of objective attributes. The first attribute of that list, called flaplinkweight, is
linked to analyzable product model (apm), which has an associativity to the product, in
this case flap-link, which has a derived attribute weight. Weight is calculated from the
geometrical attributes of link (area and length) and material attribute (density) in apm.
Some cases are even calculated in eom as an eom relation (erl) as seen right of the

relation. They are then linked to the objective attribute of eom shown as an option in the

above figure.

ald4:0em.objective[1]==
apm.link.crosssection.area*apm.link.length*apm.link.material.density

Similarly, an optimization-analysis transformation (alal) is shown in Figure 6-9. A
more detailed view is provided in Figure 6-11 below. The alal associates the
optimization attribute, constraint to analysis attribute (stress) in the following manner.
alal: normalized_constraint.actual==cbam.deformation_model.stress

The statement above is read as first associativity linkage to analysis relation (alal) of
enhanced optimization model associates the EOM model to the CBAM model. The
normalized_constraint’s actual attribute is linked to the context-based analysis model
(cbam) which is linked to the deformation-model analysis building block (abb), with

attribute stress. This stress is calculated from the cbam attributes in abb. Then the stress
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attribute (what is desired from analysis) is linked to both the response attribute of cbam

and the actual attribute of normalized_constraint.

Normalized_constraint ert | smess = Sl ~]
(' Normalized SRR
Constraint vield_stress, O
. allowable g
c gn_srramthafrem :)g — stress,C
alo1 alat akly

Figure 6-11 Associativity Links (ala, adl and alo, erl) for Flap Link in eoml

The normalized constraint block is an EOM object whose mathematical description is
shown in the figure, with its links. Because this relation is commonly utilized, it has been

packaged as a reusable specialized object. The EOM specialized object (spob1) of the

normalized constraint is defined in lexical form below.

spobl: normalized_constraint.g ==

(normalized_constraint.actual/ normalized_constraint.allowable) -1

In Figure 6-11, another optimization-design transformation (ald7) is shown. It associates
the allowable constraint object with the flap link materials’ yield stress. Its lexical form is

given as:

ald7:normalized_constraint.allowable=apm.material.linear_elastic_model.yield_stre
SS
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Finally, an optimization-optimizations transformation (alo1) is shown in Figure 6-9. The
alol links the optimization attribute, constraint to another optimization attribute g of the

normalized constraint. Basically, this link matches semantics related to the domain.

alol: eom.constraint_ stress == g[1]
Where EOM has a list of constraint attributes, the first attribute of that list, called

constraint_stress, is associated with generic normalized_constraint of g.

6.1.3.3 Context Based Analysis Models for EOM

When the flap link goes through compression, normal stress analysis and buckling
analysis are required to assure that the system is safe. The analysis is performed for two
modes, which are the behaviors to which the product is exposed. In the optimization
model flap link analyzed against the extension and buckling modes. They may have

different fidelity (1D, 2D, or 3D).
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Figure 6-12 Fidelity in Analysis and Product Models

Below, the context based analyses used in EOM flap link optimization model are
explained.

Normal_Stress Analysis
Here, two different fidelities of normal_stress of flap_link will be explained. The first

one is a context based analysis for 1-Dimensional Normal Stress analysis, and the other

one is a 2D Plain Stress Finite Element Analysis.

Their constraint schematics will be shown.

Cbam1la: 1D Normal Stress Analysis

Figure 6-13 shows Extensional Rod Analysis for the behavior of slender members due to

axial loading. Axial loading can be both tension and compression.
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Figure 6-13 Extensional Rod Analysis Model

The relations between strain, & total elongation, AL, and these loads is given by the

following equations.

4 .

g=— Equation 6-1
A

= AL Equation 6-2
L

oc=E¢ Equation 6-3
@) i

B = Equation 6-4
E

AL =1-1s Equation 6-5

Where o is the normal stress, .4 is the cross sectional area, £ is the elastic strain due to
force (F), L, is the length of the rod in the undeformed state, L is the length of the rod
after elongation, AL is the change in the length of the rod. E and p are the material
properties, Young modulus and density of the material respectively. Those basic
relations are distributed into various Analysis Building Blocks based on their engineering
meaning.

The Constraint Schematic in Figure 6-14 shows how the ABB One D Linear Elastic

Model can be used to represent the ABB Extensional Rod Model.
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Figure 6- 14 Constraint Schematic for Extensional Rod

The COB Structure Definition language of the Extensional Rod Model is shown in Figure
6-15. It is actually a subtype of ABB Slender Body and inherits four attributes
(undeformed_length, reference_temperature, temperature, and material_model) and one
relation (material_model.temperature_change = temperature — reference temperature).
Equations 6-5, 6-2, and 6-1 defined above are described as relation rl, 12, and r3
respectively. The assumption is that One D Linear Elastic Mode [ where there is no shear

and no temperature change [Wilson, 2000].
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[ CBAM slender_body SUBTYPE_OF deformable_body
undeformed_length, L<sub>0</sub> : REAL
reference temperature, T<sub>0</sub> : REAL
temperature, T : REAL;

material_model : one_D_linear_ elastic_model

RELATIONS
sbrl : "<material model.temperature_change> =
<temperature> - <reference_temperature>"
END_CBAM;

CBAM extensional_rod SUBTYPE OF slender_body
start, x<sub>l</sub> : REAL,
end, x<sub>2</sub> : REAL;
length, L : REAL;
total_elongation, &Delta;L : REAL
force, F : REAL;
area, A : REAL;

RELATIONS
rl : "<length> == <end> - <start>"
r2 : "<total_elongation> == <length> - <undeformed length>"
r3 : "<material_model.strain> == <total_ elongation> / <undeformed_length>"'
r4 : “"<material_model.stress> == <force> / <area>"
mat_sc_rl: "<material model.shear_stess> == 0"
END_CBAM;

Figure 6-15 COB Structure Definition for Flap Link

Representations of linkage normal-stress analysis for flap link are shown in Figure 6-16.
Generally, the analysis notes contain the boundary conditions (for example, force that
applies to the flap link), idealized variables (such as effective length), and material
property information along with the equations used for the analysis and the results
showing the analysis response (normal-stress) in procedural format in engineering
manuals. This information is transformed into constrained objects to construct the
CBAM representation of the extensional analysis shown in 6-16. The CBAM
representation illustrates design-related details of APM entities (i.e., linkage) on the left
and a generic analysis system, ABB, (i.e., Extensional Rod Analysis) on the right.
Between the APM and the ABBs, associativity relations indicate how the APM design

entities are idealized as product-independent ABB. For example, Figure 6-16 explicitly
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specifies that the area of Extensional Rod ABB equals the cross sectional area of the

linkage shaft. The CBAM representation only illustrates APM variables that are

associated with ABBs.

The CBAM Representation explicitly relates those product-independent analysis
variables defined in ABB back to detailed design parameters defined in APM. Once the
analysis result is obtained, it may be compared with an allowable limit (for example,
material yield strength with computed maximum stress) to determine the normalized

constraint used in the EOM.

(1a) Analysis Problem for 1D Normal Stress Analysis
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Figure 6-16 Representing a Flap Link Analysis as CBAM: Linkage Extensional Model
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Figure 6-17 is the CBAM Definition for the Flap Link Extensional Analysis Model. For
example, the link attribute has flap_link and the deformation_model attribute has
extensional_rod_isothermal. That attribute captures the basic governing equations 6-1 to
6-5 as seen in Figure 6-14. Next, the deformation_model attribute has been replaced with

2D FE Plain Strain Analysis.

CBaM link_extensional_model SUBTYPE OF link _analysis_model;
DESCRIPTION
"Hepresents 1D formula-based extensional model.";
ANALYSIS_CONTEXT
PART_FEATURE
link : flap_link
BOUNDARY CONDITION_OBJECTS
assocliated_condition : condition:
MODE
"tension";
OBJECTIVES
stress_mos_model : margin_of safety model;
ANALYSTS_ SUBSYSTEMS
deformation model : extensional_rod_isothermal;

RELATIONS
all : "<deformation model. undeformed_length> == <link.effective_length>";
al2 : "<deformation_model.area> == <link.shaft.critical_cross_section.basic.area>";
all : "<deformation_model .material model. youngs_moduluss ==
<link.material .stress_strain model.linear elastic. youngs_modulus>*;
ald : "<deformation_model .material_model.name> == <link.material.name>";
als : "<deformation_model.force> == <associated_condition.reaction>";
alé : "<stress_mos_model.allowahle> == <link.material.yield_stress>";
al7 : "<stress_mos_model.determined> == <deformation_model.material_model.stress>";
END_CBAM;

Figure 6-17 Definition Language for Linkage Extensional Model CBAM

Cbamlb: 2D FE Plain Stress Analysis

Instead of using a 1-Dimensional formula based analysis model, a 2-Dimensional finite

element analysis model called linkage plane stress ABB is used to determine the
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extensional behavior of the flap link. The higher fidelity of the Link Extensional

Analysis is shown in Figure 6-18.

The CBAM wraps the FEA analysis tool within a constraint framework with the
CobExternalToolFunction relation that creates a parameterized FEA model, performs
FEA analysis, and returns results. Figure 6-19, shows the CBAM Definition for the
ABB. In this case study, ANSYS is used as the FEA tool. The results returned are
maximum stress and maximum deformation in x-direction. With the results, the margins
of safety for stress and deformation are determined. The linkage APM and margin of
safety ABB are the same objects used in the 1-Dimensional extensional analysis to

demonstrate the reusability of the same constrained objects for a variety of analyses.
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Figure 6-18 Higher Fidelity Flap Link CBAM: Linkage Plane Stress Model
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COB link_plane_stress_abb;
1: REAL; /* length */
wsl: REAL; /* width at sleevel */
tsl: REAL; /* thickness at sleevel */
rsl: REAL; /* radius Of sleevel (rsl<rs2) */
ws2: REAL; /* widthth at sleeve2 */
ts2: REAL; /* thickness of sleevel */
rs2: REAL; /* radius of sleevel2 */

tw: REAL; /* thickness at shaft_web */
tf: REAL; /* thickness of shaft */
wf: REAL; /* thickness at shaft_flange */
force: REAL; /* total force */
ex: REAL; /* youngs modulus */
nuxy: REAL; /* poisson'’s ration */
ux: REAL; /* deformation in x dir */
sx: REAL; /* stress in x dir */

RELATIONS

rl: "<ux> == CobBExternalToolFunction[ansys,flaplink, ux,

{<ex>, <nuxy>,<l>,<wsl>,<ws2>,<rsl>,<rs2>,<tsl>,
<ts2>,<tw>,<tf>,<wf>,<force>}]" ONEWAY;
r2: "<sx> == CobExternalToolFunction[ansys, flaplink, sx,
{<ex>, <nuxy>,<l>,<wsl>, <ws2>,<rsl>,<rs2>,<tsl>,
<ts2>,<tw>,<tf>,<wf>,<force>}]" ONEWAY;
END_COB;

Figure 6-19 COS - link plane stress ABB

Buckling Analysis

The previous two analyses are to observe the extensional behavior. Here the flap link is

analyzed for the behavior due to buckling. The deformation model used is the ABB

buckling rod. The same APM linkage and ABB margin of safety models are used in this

model as in the previous analysis models.

cham 2: Buckling Analvysis

Buckling Rod Analysis, describing the behavior of a slender member subject to buckling

loading, is shown in Figure 6-20.
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Figure 6-20 Buckling Rod Model

Assuming linearly elastic material behavior, the following equations describe the

Buckling Rod behavior.

3

I= L0 Equation 6-6
12

£ =KL Equation 6-7
n’El :

P, = 3 Equation 6-8

A is the area of prismatic shaft with dimension width, w and thickness, t. I is the moment
of inertia of the prismatic link. L. is the effective length based on boundary condition. K

is the boundary coefficient factor. P, is the critical load for buckling.

Similar to the Extensional Rod, the Constraint Schematic of Buckling Rod can be

represented with the ABB One D Linear Elastic Model as shown in Figure 6-21.
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Figure 6-21 ABB for Buckling Rod

The Buckling Rod is the subtype of ABB Slender Body. Since the ABB Slender Body is a
subtype of ABB Extensional Rod, the Buckling Rod inherits all attributes and relations

from both of the ABBs. The Equations 6-6 to 6-8 defined above are described as relation

r1, 12, and r3 respectively.
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6.1.3.4 EOM Usage of CBAM;s and APMs

The EOM utilizes both apm and cbam objects. In Figure 6-22, below, the eom flap_link
optimization model utilizes the flap_link design object. An analyzable product model of
flap_link_preliminary design object has been shown in earlier sections. The previous
section describes the analysis objects, cbams used in eom. Those cbams are cbamla (1D
Normal_Stress_Analysis) and cbamlb (2D Plain Strain FE Analysis). They represent
two different fidelities of normal stress determination which achieve the optimization
constraint calculation in EOM. The other analysis is buckling, explained as cbam?2.

Figure 6-22 shows that eom utilizes cbamla and cbam?2 for different behavior.

Design Objects l Optimization Objects Analysis Objects

System : {1a) Analysis Probiem for 1D Extension Analvsis

flap_link flap_link flap_link

O___p .{ . . l
CObie;;:;es

Constraints

constraint_extension_ MBS

e

constraint_buckling_M9 flap_ link

O____, el

Design variables

area

Reusable, User-Definable

Figure 6-22 EOM Model for Flap Link
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6.1.4 Enhancement of EOM

Figure 6-23 shows that the enhancement of different fidelity of analysis and optimization

models has been developed, executed and results obtained. It is possible to develop a

variety of optimization models, depending on the requirements.

In Figure 6-23, several optimization models have been developed based on cbamla: 1D
Normal Stress Analysis and a given product model apmla: flap_link_preliminary.
Another class of optimization models has been developed based on cbamlb: 2D Plain

Stress FE Analysis and a given product model apmla: flap_link_detailed as shown at the

bottom of the figure.

P

L
e gy Y
P
EA S,O'K\ T

EXTENSIONAL STRESS MODEL

¢ ENHANCEMENT

PLANE STRAIN MODEL

OPTIMIZATION MODEL CLASS BASED ON EXTENSIONAL STRESS MODEL

Optimization Object1 Optimization Object2 Optimization Object3 Optimization Ot

Min Weight Min Weight
subject to subject to
Stress . Stress
Buckling - Buckling
Design variables || Design variat
Area Area, Material

OPTIMIZATION MODEL CLASS BASED ON PLANE STRAIN MODEL
(Obj. and Const. Func. Enhancement)

Optimization Object &

Optimization Object 6

Optimization Object n

| Min Weight

subject to
Stress

Design variables
i, tw

1 Min Weight

subject to
Stress

Design variables
tf, tw, wi, |

Min Wei
subject-to

g (x)<0
h(x)=0

Figure 6-23 Class of Optimization Models for Flap Link Example
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Enhancement can be performed several ways, such as adding or subtracting more
objectives, constraints and design variables. In this prototype example, the following
engineering optimization models are developed and run for the first class of optimization

models based on cbam1 a and apmla.

6.1.4.1 Enbanced Optimization Models based on flap_link_detailed design and 2D FE Analysis

The first model has one objective (minimization of weight of the flap link), one constraint
(normal_stress-constraint) and one continuous design variable (the area of the flap link).
This model already has been discussed to show different aspects of the EOM

representation and how to integrate the different picces of design and analysis objects

into eom representation.

OPTIMIZATION MODEL |
Minimize
fi=PLA Weight
Subject to
8 =MS,, (A20 Normal Stress Margin of Safety

Design variables

X=(A]

OPTIMIZATION MODEL |

Minimize
fi=PLA Weight
Subject to
& =MS,..(H=0 Normal Stress Margin of Safety

Design variables

X={ A, material }

Figure 6 -24 Engineering Optimization Models I and II
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The second engineering optimization model has one objective (minimization of weight of
the flap link), one constraint (normal_stress-constraint) and two design variables. One
design variable is a continuous design variable (the area of the flap link) and the other

one is discrete (the material of flap link among a list of material).

The list of material that flap link can be made of with its properties is shown in Table 6-1
below. The optimization algorithm will search the best combination of material and area

due to its objective function.

SPECIFIC | YOUNG MAX
WEIGHT | MODULUS OF | ALLOWABLE
MATERIAL ELASTICITY | YIELD STRESS
SPE E SIGMA
STRUCTURE STEEL | '
ASTM -A-36 0284 | 29000 36000
STAINLESS STEEL
ANNEALED 0.284 28000 38000
AISI 302
ALUMINUM
ALLOY 0,103 10600 60000
2014-T6
:
TITANIUM ‘ 0.162 16500 120000

Table 6-1 Material Table for Flap Link

Below, the Constraint Schematic Diagrams correspond to Engineering Optimization
Models I and II. They have been shown respectively. The only design variable is the
area in Figure 6-25. The area is chosen between its allowable upper and lower limits in

such a way that the weight of the flap link will be minimized.
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Figure 6-25 Constraint Schematic Diagram of eom1

The parameters that are the design variables are the area and the material of flap link in

the Figure 6-25. Simultaneously, the area is determined between its allowable upper and

lower limits, and the material is selected from the given list such a way that the weight of

the flap link will be the minimum. When a particular material is selected by the

optimization, its material properties will be attained from the corresponding values. In

this case, the Young’s modulus of elasticity and density are affected by the selection.
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Figure 6-26 Constraint Schematic Diagram of eom2

The third engineering optimization model (Model III) has again one objective
(minimization of weight of the flap link), one design variable and two constraints
(normal_stress_constraint) and (buckling_stress). The design variable is a continuous
design variable (the area of the flap link). The optimization model is very similar to the
Model 1. It shows the enhancement of constraints. Engineering Optimization Model IV
extends Model 1II by adding additional constraint. Another point is that having only
continuous design variables and constraint in the optimization model leads to choosing
the continuous, constraint optimization methods and tools as Model I and Model III. On
the other hand, having both continuous and discrete design variables as well as

constraints in the optimization model leads to choosing the mixed optimization methods.
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This information is captured in the eom model.

The EOM Tool with eom protocol

chooses the proper method and tool as described in the implementation section.

Design variables
X={ A, material }

OPTIMIZATION MODEL Il
Minim
fi=pla Weight
Subject to
g =MS,,.(A)=20 Nomnal Stress Margin of Sajety
8 =MS§,.;;,{A 20 Buckling Margin of Safety
Design variables
X={A}
OPTIMIZATION MODEL IV
Minimize
h=PA Weight
Subject to
8 =MS§,.(A)=0 Normal Stress Margin of Safety
8:=MS$,nfA 20

Buckling Margin of Safety

Figure 6-27 Engineering Optimization Models III and IV

Again, the Constraint Schematic Diagrams correspond to Engineering Optimization

Models III and IV. They have been shown respectively. Note that the models are

obtained by adding another constraint (buckling_constraint) to Engineering Optimization

Models III and IV.
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Figure 6-28 Constraint Schematic Diagram of Eom4

The results for eom1 are shown below. The initial value for area was 1.00 in2. The

Jower limit is 0.1 and the upper limit is 3.00 in”.

sk o o o ok o 8 o ok ok o ke ok ook o o ok ok ok o 8 ok sk ok ok 3 o ok o ok e ke sk ook sk ok sk ok sk ok ok o ok stk

* THE LAST INFORMATION =OPTIMAL DESIGN *
# POINT *

FkkkkkEk Rk kR bRk kkkkkkkkkkkk kR kk kb b kkk kR k ki kkkk

DV(1)=  2.778000000000000E-001

The OBJECTIVE value at this point is:

OBl= 1.341200000000000

The corresponding CONSTRAINT values are:
G(1)= -3.480000000000000E-002

weight= 1.341200000000000
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6.1.4.2 Enbanced Optimization Models based on flap_link_detailed design and 2D FE: Analysis

The second group of optimization problems is developed for flap_link_detailed design.
That design has a shaft with a simple I beam cross-section as seen in Figure 6-29. The

design variables are selected from the dimensions of the I beam and the length of the

shaft.

sleeve,

B critical cross_section
i_ e

Simple
: Cross
I )
‘h, section

Figure 6-29 Detailed Design of Flap Link
In this case, Ansys FE analysis is performed on the system due to compression pressure
inside the sleeves instead of 1D Normal Compression analysis. Still, the desired response
from the analysis is the stress value on the flap link. The main difference is that the
fidelities of the product model and the analysis have been increased to accommodate the

requirements.
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Parameterized Linkage ZD FEA Model

Figure 6-30 Flap Link FE Analysis

Several optimization models have been developed based on this flap_link_detailed and
FE Element analysis for stress calculation. Among those engineering optimization
models, two (Figures 6-31 and 6-34) have been illustrated to show the enhancements

obtained by adding design variables.

Engineering Optimization Model V
Minimize Weight (Volume)
wt = (2*tf*wi+tw*((rs1+ts 1 +1rs2+ts2)/2-tf))*1 * rho
Subject to
-30000 < Stress < 30000 psi
Design variables
0.1 <tf<0.25in
0.1<tw<l.0in

Figure 6-31 Engineering Optimization Model V
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The results for Engineering Optimization Model V are shown below with the iteration

history of objective (Figure 6-32) and design variables (Figure 6-33).

FLAP LINK DETAILED PARAMETERIZED TW AND TF

Optimization
parameter  min max toler
SXMAX  BOOODOODOE-30 360000000E4+05 360000000E+03
SXMIN -.360000000E+05 .360000000E+05 .720000000E+03
TF .100000000E+00 .250000000E+00 .150000000E-02
™ . 100000000E+00 . 100000000E+01 .S00000000E-02
WT .000000000E+00 .0Q0000000E+00 . 200000000E+01

current parameter names and values
BASINC -2359.04695 BB 235904695 DEFXMAX .129525671E-03DEL  .100000000E-
05ES1_1  10.0000000
ES1_2 7.00000000 ESI1_3 B.00000000 ES1_XC 3.00000000 ES2_3 2.00000000 ES2_4
6.00000000
ES2_XC 2.00000000 E_LINK 150000000 FORCE -10000.0000 L 15.7500000
LOCXITF -.428571429E-01
LOCX2TF 15.6942857 LOCYITF 149938763 LOCY2TF 1.94920392 LOCYKPI5 000000000
PHI 285753173E-01

R Q0000000 RS2 135000000 SXMAX 26661.5531 SXMIN -29724.6993 TF
TSI 500000000 TS52 W .103604164 JWF  1.50000000 WS
2.00000000
ws2  2.500000000 WT  7.52464901)
"
objective design variables

Iteration Number

Figure 6-32 Iteration History of Weight of Flap Link
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Below, two design variables (tf and tw) are shown during the optimization cycle.

L 1ast=1)

<
L
72
<
i |
<
o
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L
o
¢

9.2

ITteration Number

Figure 6-33 Flap Link Detailed-Two Design Variables (tw and tf)

Below, engineering optimization model VI has been derived from V by adding two more

design variables (effective length, 1 and flange width, wf).

Engineering Optimization Model VI
Minimize Weight
wt = (2*tf*wi+tw*((rs 1 +ts 1+rs2+ts2)/2-tf) ) *1*rho
Subject to
-30000 < Stress < 30000 psi
Design variables
0.1 <tf<0.25 in
0.1<tw<1.0in
0.1 <wf<2.0in
120<1<17.0in

Figure 6-34 Engineering Optimization Model VI
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The final results for a four-design-variable case have been shown below. Two more

parameters from the I cross-section beam are added to the optimization model in the case

below. The objective function is the weight of the shaft again.

Parameterized Linkage 2D FEA Model

optimizaticon variables

parameter min max coler

SXMAX .800000000E-30 .300000000E+05 .300000000E+03
SHMIN -.300000000E+05 .250000000E+05 .550000000E+03
TF .100000000E+00  .250000000E+00 .150000000E-02
TW .100000000E+00 .100000000E+01 .900000000E-02
WE .100000000E+00  .200000000E+0L  .190000C00E-01
L .120000000E+02  .170000000E+02 .500000000E-01
wT -000000000E+00  ,0OO000C00E+00  .200000000E+01

current parameter names and values

BASTING -2359.04695 EBE 23159, 04695 DEFXMAX 71741760 7E-04DEL

.100000000E-05ESL_1 10.0000000

ES1_2 7.00000000 ES1_3 8.00000000 ES1_XC 3.00000000 ES2_3 2.0000000

ES2_4 6.00000000

ES2_XC 2.00000000 E_LINK 15.0000000 FORCE -10000.0000 L 12.358263
LOCKITF -.546193244E-01

LOCK2ZTF  12.2872583 LOCYLTF  1.49900525 LOCY2TF  1.94 2 LOCYKPLS .00000000
NUM_N 18.0000000

BHI .164209344E-01RS1 1.00000000 RS2 1.35000000 SXMAX

.189284305
5741674

TSl

.5000
s
wsz/n‘ﬁooouco

design variables

13823 .206

objective

TS2 L600000000

Figure 6-35 Results -Optimization Model IV

As with the earlier case, the iteration histories of objective (weight of the link) for the 4-

Design Variables case are shown in Figure 6-36 and 6-37.
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Figure 6-37 Flap Link Detailed Design (4 Design Variables)
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6.2 Structural Optimization: 10-Bar Truss

6.2.1 Physical Description
The ten-bar truss is used as a test case. The ten-bar truss is a standard example used by
many authors. The minimum weight design obtained by changing the cross-sectional

areas of the truss members is sought, subject to stress constraints [Haftka, 1990].

The main emphasis in this example is to compare the results with the published data. The

ten-bar configuration is shown in Figure 6-38 below.

Optimization of 10 Bar Truss

Figure 6-38 Ten-Bar Truss Example
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The bars are treated as the same design links used in the flap_link_preliminary product

data. The system is a simple rod designed to work in compression and tension loading

conditions.

Table 6-2 below shows the input values for modeling the ten bar truss.

Modulus Of Elasticity (aluminum) 10,000 ksi
Material Density 0.10 Ib/in?
Lower Limit on cross sectional areas 0.10 in®
Initial Value of design variables 10.0 in’
Stress limit 25 ksi
Number of design variables 10
Number of constraints 10
Number of loading conditions 1
Load Data

) Load Components (kips)
Loading
condition Node X y z
1 2 ' 0.0 -100.0 0.0

4 0.0 -100.0 0.0

Table 6-2 Ten-Bar Optimization Data

6.2.2 Engineering Optimization Model:

Weight must be minimized in the ten_bar truss. Meanwhile, the normal stresses on the
bars due to the loading condition must not exceed allowable limits. In this case, the
parameters that are variables are chosen to be the cross sectional areas of the links. The
engineering optimization model of the ten bar truss is shown below. The engineering
optimization model can be easily enhanced by adding more design variables in addition
to area. Adding more constraints such as deflection limitations and even new objectives

also can enhance the model.
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ENGINEERING OPTIMIZATION MODEL

Minimize
fi Weight
Subject to
8 =NC,,. (A <0 Normalized Stress Constraints

Design variables
X={Ai)

Figure 6-39 Engineering Optimization Model
The template above corresponds to engineering optimization model, shown in

Figure 6-39.

6.2.3 EOM Lexical Forms:

Figure 6-40 below shows the EOM lexical form for the ten-bar truss case. Lexical forms
are loaded to EOM Tool, which uses the objects defined in those forms to perform
analysis and optimization. The external function has been used to facilitate the Ansys FE

program to calculate the necessary stress values for each link in the truss.

SCHEMA ten_bar_truss_optimization;

SOURCE_SET one ROOT_DOMAIN Truss;

EOM ten bar;
xaa: REAL;
xbb: REAL;
xce: REAL;
xdd: REAL;
xee: REAL;
xff- REAL;
xgg: REAL;
xhh: REAL;
xpp: REAL;
xrr: REAL;
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obj: REAL;

gl: REAL;

g2: REAL;

g3: REAL;

g4: REAL;

85: REAL;

£26: REAL;

£7: REAL;

g8: REAL,

29: REAL;

gl0: REAL;

sigl: REAL;

sig2: REAL;

sig3: REAL;

sig4: REAL;

sig5: REAL;

sigh: REAL;

sig7: REAL;

sig8: REAL;

sig9: REAL;

sigl0: REAL;

sx: REAL;

ex: REAL;

I: REAL;

nuxy: REAL;

allow :REAL;
RELATIONS

r23:"<obj>==

CobExternalToolFunction[ansys,tenbar,obj,{ <xaa>,<xbb>,<xcc>,<xdd>,<xee>, <xff>,<xgg>,<xhh>,<x
pp>,<xrr>}]" ONEWAY;
rl:"<sigl>==
CobExternaiToolFunction[ansys,tenbar,sigl, [ <xaa>,<xbb>,<xcc>,<xdd>, <xee>,<xff>,<xgg>,<xhh>,<
xpp>,<xrr>]]" ONEWAY;

r2:"<sig2>==CobExternalToolFunction[ansys,tenbar,sig2,{ <xaa>,<xbb> <xcc>, <xdd>, <xee>,<xff>,<
xXgg>, <xhh>,<xpp>,<xrr>}]" ONEWAY;

r3:"<sig3>==CobExternalToolFunction[ansys,tenbar,sig3,{ <xaa>,<xbb>,<xcc>, <xdd>,<xee>, <xff>,<
xgg>,<xhh> <xpp>,<xrr>}]" ONEWAY;
rd:"<sig4d>==
CobExternalToolFunctionfansys,tenbar,sig4,{ <xaa>,<xbb>,<xcc>,<xdd>,<xee>, <xff> <xgg>, <xhh>, <
xpp>,<xrr>}]" ONEWAY;

rl:"<sig§>==
CobExternalToolFunction[ansys,tenbar,sig5,{ <xaa>,<xbb>,<xcc>,<xdd>, <xee>,<xff>,<xgg>,<xhh><
xpp>,<xrr>}]" ONEWAY;

r2:"<sigh>==
CobExternalToolFunction[ansys,tenbar,sig6, [ <xaa>,<xbb>,<xcc>, <xdd>,<xee>, <xff> <xgg>, <xhh> <
xpp>,<xrr>}]" ONEWAY;

ri:"<sig7>==
CobExternalToolFunction{ansys,tenbar,sig7,{ <xaa>,<xbb>,<xcc>,<xdd>,<xee> <xff>,<xgg>,<xhh>,<
xpp>,<xrr>]]" ONEWAY;
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r2:"<sig8>==
CobExternalToolFunctionf{ansys,tenbar,sig8, [ <xaa>,<xbb>,<xcc>,<xdd>,<xee>, <xff>,<xgg> <xhh>,<
xpp>,<xrr>]1" ONEWAY;

rl:"<sig9>==
CobExternalToolFunction[ansys,tenbar,sig9, {<xaa>,<xbb>,<xcc>,<xdd>,<xee>,<xff> <xgg>,<xhh>,<
xpp>,<xrr>}]" ONEWAY;

r2:"<sigl0>==
CobExternalToolFunction[ansys,tenbar,sigl0,{ <xaa>,<xbb>, <xcc>,<xdd>, <xee>, <xff>,<xgg> <xhh>,
<xpp>,<xrr>}]" ONEWAY;

r3: "<gl> == (<sigl>/ <allow> - 1.0)";

rd : "<g2> == (<sig2> / <allow> - 1.0)";

r3: "<g3> == (<sig3>/ <allow> - 1.0)";

rd : "<gd> == (<sigd> / <allow> - 1.0)";

r3: "<gS> == (<sig5> / <allow> - 1.0)";

rd : "<gb> == (<s5igh> / <allow> - 1.0)";

r3 . "<g7> == (<sig7>/ <allow> - 1.0)";

rd : "<g8> == (<sig8> / <allow> - 1.0)";

r3 : "<g9> == (<sig9> / <allow> - 1.0)";

rd : "<gl0> == (<sigl0> / <allow> - 1.0)";

END_EOM;
END_SOURCE_SET;

END_SCHEMA;

Figure 6-40 EOM for Ten-Bar

Note that eom model for ten-bar lexical form in Figure 6-40 includes analysis and design
attributes. It is more desirable to partition the analysis and design attributes into cbams
and apms. But, the concentration in this example is on the validity of results rather than
the enhancement of the optimization model.

Results:

Table 6-3 below shows the results of EOM Real, in which EOM is strongly coupled with
ANSYS FE optimizer and reference [Haug and Arora, 1979]. EOM Real describes a
lexical form prepared such a way that Bolinkgenereral optimizer and Ansys. FEA work
iteratively by transforming data between them. Strongly coupled means the optimizer
inside the analysis package (Ansys Optimizer) performs the optimization without an

external optimizer.
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file:///END_EOM
file:///END_SOURCE_SET

Member No Optimum Cross Sectional area

ANSYS FE Based Real Reference
1 8.0057 7.9396 7.9379
2 0.1617 0.1 0.1
3 8.2114 8.065 8.0621
4 4.0209 3.9379 3.9379
5 0.1 0.1 0.1
6 0.1617 0.1 0.1
7 5.8788 5.7462 5.7447
8 5.5887 5.5696 5.5690
9 5.5836 5.5712 5.5690
10 0.1702 0.1 0.1
Optimum
Volume(in”3) 16205.88 15935.75 15931.8

Table 6-3 Optimum Results Comparison for Ten Bar Truss

Figure 6-41 Iteration History of Volume of Ten-Bar Truss



6.3 Solder Fatigue Case Study

This section describes how the EOM technique has been applied to solder joint fatigue
optimization cases based on Engelmaier’s model [Engelmaier, 1983, 1989]. CBAMs
representing this model, including finite element-based variations, are explained briefly

later in this chapter.

6.3.1 Physical Description

Figure 6-42 shows a surface mount resistor soldered on a PWB.

Companent Subsirate (Alumina)

b
V4
Ci
‘ Component ‘ %ﬁ[er
( _L—pro“y — )
‘t___\ = -
PWE ¢
i = 4
{ {

Plated Thru Hole

Figure 6-42 Soldered Component on a PWB

The above physical realization can be modeled using various approaches and degrees of
complexity. The solder joint can be seen as a 2D geometric entity. In the first group of
optimization and analysis models, the height of the solder and the material of the solder
are the main concerns for analysis and for design. For the higher fidelity FE cases, 2D

rectangles and detailed shapes for the geometry have been used.
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6.3.2 Analysis Models (CBAMs)

[14]

® X AaQQ <IN
bt

Subscripts
pwa

pwb

c S, Sj

Subsections 6.3.2.1 and 6.3.2.2 below overview how to analyze solder joint reliability
using analysis models 1:Engelmaier Model for Solder Joint Deformation and Analysis
Models: 2D FE Model for Rectangle and Detailed Solder Joint Deformation 2a and 2b.
Those analysis rnodels are utilized as case studies in this research. Then, optimization

models are formed based on these models, and results are explained respectively in

average cycles to failure
plastic cyclic strain range
fatigue ductility exponent
fatigue ductility coefficient

mean cyclic temperature, (°C)
load frequency, (cycles/day, 1 < f< 1000)
mean cyclic solder joint temperature (°C)

solder joint shear strain range

adjustment factor
steady state thermal expansion mismatch
reference temperature

steady state temperature
length

height

Young's modulus
Poisson's ratio
coefficient of thermal expansion (CTE)
yield stress

mesh density

number of load steps
load yield factor
convergence criteria

printed wiring assembly (PWA)
(bare) printed wiring board (PWB)
component, substrate/PWB, solder joint

sections 6.3.3.1, 6.3.3.2 and 6.3.3.3.
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6.3.3.1 Analysis Model 1: Engelmater Model for Solder [oint Deformation

[Engelmaier, 1983, 1989] developed the following relations by assuming that the solder
joint undergoes uniform shear strain as shown in the Figure 6-43. The materials (alumina

for ceramic components and FR4 for PWBs) are assumed to be linear elastic. The CTEs

needed in these relations are given in Table 6-4

I 5 >
hsj |_‘ ¢ ?I; / &\Y’j
| Component: Rod :‘: 7 |
_J | —|— Solder Joint: { ! \ L
F| Substrate/PWB:Rod |7, ShearBody |

< e L: 4)1
Undeformed State( T,=7.=T_) Deformed State

Figure 6-43 Engelmaier Model for Solder Joint Deformation

The major steps to calculate the fatigue life of solder joints are presented in an N2
diagram [Rogers, 1990] in Figure 6-44. Every box in this diagram shows a module
which is a major calculation step towards prediction of fatigue life. Feed forward
information is represented by connections above the diagonal of the N2 diagram. For
example, information from module 1 is used in modules 2, 3 and 4. There is no feedback
for this case, as indicated by the lack of connections below the diagonal. These

calculation steps are represented by a modular nesting of analysis calculations.
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5
Figure 6-44 N2 Diagram - Prediction of Fatigue Life

1. Global PWA Thermal State
Power Cycling Case (Operating temperatures)

Turning on/off an electronic product is the most common example of such a case.
Temperature differences between components and the PWB will occur during operation,
causing strain in the solder joints due to CTE mismatches. In this study, we assume a

thermal analysis has already been done, where T, = 20°C, yielding 7.= 89°C and T;=

88°C.

Global PWA Thermomechanical state

Global warpage effects are not considered in this case study. Boundary conditions for the
model are assumed to be zero.

Local Solder Joint Thermomechanical State

Engelmaier [1983, 1989] developed the following relations by assuming uniform shear

strain in the solder joint.

AAT)=a (T, -T,)-a (T, -T,)
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_ LA(aAT)
g 2hg;

4. Solder Properties

The following relations are developed by Engelmaier and are used to calculate fatigue
life in Step 5.

¢ = —0442 — 000067 +0.01741In(1 + f)
T=T; =Y QT,+T,+T)

Solder Joint Fatigue Life
The strain range is calculated using the below two relations, assuming that plastic
deformation dominates. F is a correction factor based on the type of solder joint and the

experimental results.

ysj\
AeP = Ay,

The fatigue life model is based on a low-yield stress and on creep under small loads. A
modified Coffin-Manson relation for low-cycle fatigue is used by Engelmaier. The
exponent ¢ is frequency and temperature dependent and comes from Step 4.
- |’ AeP %
N, = %} "
f
Given the above, one can see that the case study analysis model, though formula-based, is

non-trivial, as it involves several nonlinear relations and numerous variables.
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6.3.3.2 Analysis Model 2: Plain Strain Model for Solder Joint Deformation

In this case, a plane strain model is developed to determine the solder joint fatigue of a
surface mount chip resistor on an FR4 PWB. The Plane Strain model has been used to
calculate shear stress. Leadless modules are attached to the printed circuits with Pb/Sn
solder alloy. Due to the thermal expansion mismatch between the modules and the
printed circuit boards, thermal and mechanical stresses are developed in solder joint. The

plane strain model [Lau, et al, 1986] is used in the optimization models.

To Solder Joint: PS

A Component: PSB Tc Tsj
Substrate/PWB: PSB Ts

(PSB = Plane Strain Body)

Figure 6-45 Plane Strain Model

Finite element-based solutions are used to capture the plane strain model stated above

with two solder gecmetry, rectangle and detailed.

Analysis Models 2a & 2b : 2D FEA for Rectangle and Detailed Solder Joint

CBAMs can support different types of analysis modeling options with different fidelity in

the same model.
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Figure 6-46 Idealized Solder Joint Geometry

Two FE models have been developed using linear elastic solder behavior with rectangular
and detailed solder joint geometry. Those models are developed relatively simply in
order to demonstrate the model’s fidelity rather than concentrating on the model itself.

Those models can be replaced with better and more detailed FE models.

Figure 6-47 FE Element Meshing for rectangular and detailed solder geometry
On the symmetry plane, the component and board are constrained against the x-
displacement. To avoid rigid body motion in the y direction, the point on the left bottom

corner of the board is constrained against the y-displacement. Temperatures are applied
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as body force to study effects of thermal expansion or contraction. The applied

temperatures are: To= 20 °C, and Ts = 88 °C. T =89 °C [Wilson, 2000].

The frequency is assumed to be 1 cycle/day. Static structural analysis is performed and
the model is assumed to have linear material. The material properties of the components

of PWA are shown below:

Material Peoperties at room temperature (24°C)

CTE

Young's modulus expansion
Material Mpsi Poisson's ratio  10°%in/in °C
resistor 37 0.3 6.7
(Almumina)
Board 1.6 0.28 15
(FR-4)
Solder 1.5 0.4 21
(Pb-Sn)

Table 6-4 Material Properties of PWA

6.3.3 Optimization Models

Figure 6-48 shows the optimization models generated from the analysis models described
in the previous section. Two different classes of optimization models are being built to
determine the maximum fatigue life of a solder joint are being built. These two models

(Engelmeier and Plain Strain Model) have different complexity.
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Figure 6-48 Classes of Optimization Models Based on Two Different Fatigue Analysis
Models

6.3.3.1.0ptimization Models for Analysis Model 1
The case study optimization models are summarized by the following format.

Find

Design variable Notation

solder joint height (h)

PWB material type (o) Model 2 &3
Maximize

Solder Fatigue life: (Objective Function)

R
ﬁf:%

EP
28,
6 4

Bounds on variables
0.0001 < h(in) £0.1

a.x10°/C" € {10,157,21} Model 2
asx10° /¢ €1{1,2,3,4,568,910,15.7,21} Model 3
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Three models have been investigated. In the first model, solder joint fatigue life is
maximized with respect to solder joint height, with all other parameters held constant.
Solder joint height can range from 0.001 to 0.1 inch. This design variable is

considered a continuous variable. In this model the PWB material has a coefficient of

thermal expansion of og =15.7x1076 /°C .

In the second model, the primary pwb material is added as another design variable which

determines 0O, in the analysis inputs. This problem is mixed in nature. PWB material is a

discrete variable, while solder joint height is a continuous variable. Different
optimization tools must be used to handle this case. Three pwb materials are investigated

with the following properties:

Material 1 0g=10.x10"
Material 2 0g=15.7 x107®
Material 3 o5 =21x10"0

The third model is the same as the second, except that maximized Nf values are

calculated from a larger set of materials.

Results
The results obtained for design variables and objective functions for each model are

shown in Table 6-5.
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eoml eom?2 eom2’

h(in) 0.1 0.1 0.1
as (/ C) ’ os=10.x 1076 o = 6x 1070
Nf (cycles) 3.05x100 27.8x100 560.4x10°

Table 6-5 Design Variable and NfFinal Results

Figure 6-49 gives the design variable value in eoml at every iteration of the optimizer,

and shows how this value converges rapidly.

Solder Joint Height
=
(=
[o}]

0.02 [
0 T
. [ap] 2] P~ (=21 - o uwy F~ =]
= o oW B =

Iteration No

Figure 6-49 Iteration History of Design Variables for Scenario 1

The results for the third model (eom2’) are tabulated in Table 6-6. Figure 6-50 also

shows Maximized Nf values for various material with different CTE based on Table 6-4.
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O x10-6 Nfx105

77

116
192
7
968
5604
2316
625
10 278
15.7 30.5
21 11

oo R W =

Table 6-6 Maximum Nf values for Different Materials

6000

4000 -

2000 +

Faigue Life

0

- « wn w (=3 =
—

Coefficient of thermal expansion

Figure 6-50 Maximized Nf values for Different Solder Materials

The optimizer is the Broyden-Fletcher-Goldfarb-Shanno algorithm based on variable
metric method and written in Fortran [Press et al., 1992]. Results are obtained as seen in
the tables. The initial design point is the same for all scenarios. Design variable “h”

converges smoothly after an initial peak value (Figure 6-50).

The strategy to ensure that the global optimum has been achieved is to search from
different initial points in the design space and to verify that the results are converging to

the same optimum value. For that reason, different starting design variables have been
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tried, and they all converged to the same values shown in the result tables. The optimum
solder joint height is found to be the upper limit value of the design variable (as would be
expected from examining the relations in Section 6.3.3.1). Solder joint fatigue life

increases as solder joint height increases.

Two design variables, one discrete and the other continuous, are used to achieve
maximum fatigue life in the second scenario. For this and the third model, one would
expect the optimum o to be the value that yields zero thermal mismatch, A(0AT):
Olg,optimum = 6.7x10 in this case. This is confirmed in Table 6-6 where the PWB
material with CTE closest to og,optimum gives the maximum fatigue life. Meanwhile,

solder again height reached the maximum allowable limit.

Materials with different CTEs have been optimized in the third model in order to

demonstrate that the technique correctly predicts that fatigue life is maximum when o
and os,optimum are closest to each other, even with ¢s candidates on either side. One can

conclude that fatigue life increases as CTE of PWB material approaches to 6.7x10-6
value and decreases when the CTE diverges from that value as seen in Figure 6-50 and

Table 6-6.

Analysis is coupled with an optimizer using the following approach:
-Initialize optimizer parameters.

-Call the optimizer.
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-Supply design variables from optimizer to the analysis model, and then get the

objective function value from the analyzer and send it to the optimizer.
-Continue until the objective function value converges to the optimum.

Figure 6-51 shows the data flow between analysis and optimization entities during the

iteration process.

ANALYSIS

:ﬁnalysm?imilies _ I Solder Joint Thermomechanical Fatigue Model

V/day

55°C g

125" 01
Product Entities L:;

P o N f
¥ Faa >
‘ Dﬁ%—[;ﬁ____‘—;"ﬁw’: : Analysis Results
_I.);;"__.ﬂ" s g—l_;
lOptions = !
il 1 Extensional Modal
1 Thammal Cycling iy i)
r
OPTIMIZATION
X Max Nf(h) Max Nf(h, mat Max F(x)
Analysis Inputs subject to subject to subject 1o
Xih) X(h,map gi(x)
h{x)
X

Figure 6-51 Integration of a PBAM and Optimization

6.3.3.2 Optimization Models for Analysis Model 2a

Below, the engineering optimization model of the 2D rectangular solder joint has been
shown. There are two design variables, h3 and 13. The constraint on the system is the

solder volume with its upper and lower limits.
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Engineeting Optimization Models

Find

Design variable Notation
solder joint height (h3)
solder joint base length  (13)
Objective

Solder Fatigue life:

(Objective Function)

Ve

P
L) -
2E
\ ¥
Constraints

0.0152 < Solder Volume < 0.0155 in® (allowable)
Bounds on variables

0.001 < h3(in) <0.024
0.01=13(in) £0.0625

Enhancement of Optimization Model for Analysis Model 2a

The above engineering optimization model for solder joint rectangle geometry has
been taken as a base. Then, the following optimization models have been developed
by modifying the above optimization model to generate new eoms. Two examples

are illustrated below.

Eom3: One design variable, height, h3 is used in this model (0.001 < h3 < 0.024).
This model also helps to compare the results with the earlier model where only the

formula based approach has been used in calculation of fatigue life.
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Eomd4: Two design variables, solder height (0.001< h3 <0.024 in) and solder base

length (0.01< 13 < 0.05 in), have been used in this model. The constraint on the system

is the solder volume as seen in the base model.

Results

Table 6-7 below shows the results obtained for initial design, eom3 and eom4.

Original eom 3 eom 4
H (in) 0.0050 0.0240 0.024
LL(in) 0.0200 0.0200 0.03245
LR(In) " 0.0200 0.0200 0.0200
Area of solder joint(in2)]  1.47E-02 1.57E-02 1.54E-02
max shear strain |  2.98E-03|  1.48E-02|]  1.79E-03
Nf 5.69E+04 2.57E+05 1.71E+05

Table 6-7 Enhanced Optimization Model Results
Finite element post processing’ graphical views are shown in the Figure 6-52. The graph
in the left of the figure shows the initial configuration with its shear strain view. The
right side of the figure shows the optimum configuration for the eom3 model. As

expected, height reaches its allowable upper limit to ensure that the maximum fatigue life

has been achieved.
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Initial Design Final Design

Figure 6-52 Initial and Optimized Design of eom4 Model for Rectangular Solder Joint

Finally, Figure 6-53 below shows how the height of the solder (Design variable) and the

Fatigue Life change during the optimization process for eom4.

jteratie

PactanqulacPlansierainbsdy systes

Figure 6-53 Left :Height vs Iteration History Right: Fatigue Life vs Iteration History



6.3.3.3 Optimization Models for Analysis Model 2b

Below, the engineering optimization model of the 2D detailed solder joint has been

shown. There are three design variables, h3, 13 and 14 (see Figure 6-47). The constraint

on the system is the solder volume with its upper limit.
Engineering Optimization Models

Find

Design variable Notation
Solder joint height  h3 (in)
Solder base length3 13 (in)
Solder base length4 14 (in)

Constraints:

0.001 <h3 (in) <0.024

0.001 <13 (in) < 0.05625 ; (0.9% LA)

0.001 < 14 (in) < 0.03625 ; (0.9*(LA-LB))

Area of solder joint (inz) <0.00044 (original area)

Enhancement of Optimization Model for Analysis Model 2b

Similar to Section 6.3.3.2, the above engineering model for the detailed geometry of
the solder joint has been taken as a base. Then, the following optimization models
have been developed by modifying the above optimization model, helping to generate

another set of eoms. Three examples have been illustrated (eom5, eom6 and eom7).

Eom5: Two design variables, solder height (0.001< h3 <0.024 in) and solder base
length (0.01< 13 < 0.05525 in), have been used in this model. The constraint on the

system is the solder volume as seen in the base model.
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Eomé6: Three design variables, solder height (0.001< h3 <0.024 in), solder base length
(0.01< 13 < 0.05525 in) and solder base length (0.01< 14 < 0.03625 in), have been used
in this model. There is no additional constraint on the system except the side
constraints on the design variables.

Eom7: Three design variables, solder height (0.001< h3 <0.024 in), solder base length
(0.01< 13 < 0.05525 in) and solder base length (0.01< 14 < 0.03625 in), have been used

in this model. The constraint on the system is solder area as seen in the base model.

Result
The results obtained for each optimization model are shown in Table 6-8

Original eom 5 eom6 eom7

FE results

H (in) 0.0050 0.0012 0.024 0.001215
LL(in) 0.0200 0.0500 0.05 0.05
LR(In) 0.0200 0.0200 0.036 0.03623
Area of solder joint(in2) 1.47E-02 1.06E-02 2.50E-02 0.00148
max shear strain 2.98E-03 2.40E-02 1.80E-03 1.83E-03
Nf 5.69E+04 9.12E+04 1.70E+05 1.63E+05

Table 6-8 Design Variables, Shear Strain and Nf Final Results

Finite element post processing graphical views for eom7 are shown in Figure 6-54 below.
The graph in the left of Figure 6-54 shows the initial configuration with its shear strain
view.

The right side of Figure 6-54 shows the optimum configuration for the eom7

model.
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Initial Design Final Design
Figure 6-54 Initial and Optimized Design of eom7 Model for Detailed Solder Joint

Finally, Figure 6-55 below shows how the fatigue life (objective) and height of the
solder, and the base lengths (Design variables) change during the optimization process

for eom7.

itaration number

Figure 6-55 Left: Fatigue Life vs Iteration History Right: h3, 13 and 14 vs Iteration
History
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6.3.4 EOM Representation
The previous section describes the engineering aspects of the analysis and optimization
models used. In this section, different aspects of EOM representation are illustrated with

the following representative case.
Associativity Linkages for Solder Joint Optimization

Associativity linkages among the optimization, analysis and design entities for the eom1

model are shown in Figure 6-56 below.

EOM Optimization Model Occurrence

Maximize Fatigue Life{shear straim

P
P g

: Kics 2

Constraints: f

area,, Sared,, Sarea,,

Design variables:

material , ———1 Q
EOM ?LPM %S‘I‘Shmu [ EOM CBAM

c

APM PWA Component Occurrence CBAM Component Occurrence  Plane Strain Model

T: ABB Plane Strain Bodies System
total height, h

£

= P— Sy

Sak Componant (I); body T
J:“-"" [ ™ base: Alumina ![ 1 ouy, i
5 [ Frowv_] ! l

[— } o body, ‘ | l body,
PWB c_ore-:lFRn r - PM ~ ABB 3o plane sirain bady 1= 1.4

7 i body, peainery
ey AT | marerial [Ev.a)

PWB material

s

Figure 6-56 Optimization-Design-Analysis Associativity in a Solder Joint Analysis
Model
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The example for the EOM Schema is shown below for solder joint optimization using
eom>.
The first example shows the optimization schema followed by analysis and product

model schemas.

EOM Solder_Joint_ Fatigue_Life;
/* OBJECTIVE <0 %

obj: REAL;

/* CONSTRAINTS < 0 %/

gl: REAL;
£22: REAL;

/* DESIGN VARIABLES */
xh3 : REAL;

xI3 : REAL;

/* ANALYSIS MODELS */
cbaml : STRING;

cbam?2 : STRING;

RELATIONS
alal : "<xh3> == <cbaml . link.solder.H3>";
ala2 : "<xl3> == <cbaml link.solder.L3>";
/*
alal : "<xid4> == <cbhaml.link.solder.L4>";
'
/*ala4 : "<area> ==<cbam2.deformation_model.area>"; */

alas : "<gl> == (1.0 <cbaml.msI_mos_model. margin_of_safety> + 1.0))-1";
ala6 : "<g2> ==(1.52/100*<cbaml.deformation_model.solder_area>))-1.0";
ala7: "<obj> == 1.* <cbaml.deformation_model.fatig> / 100000";

END_COB;

END_SOURCE_SET;

USE_FROM ElectronicPackaging\rechAAcbams.cos AS_SOURCE_SETS;

LINK_DEFINITIONS
optimization.flap.cbaml == chams.pwa_fatigue_model.name;

END_LINK_DEFINITIONS;

| END_SCHEMA;
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cbams.pwa_fatigue_model.name

RELATIONS
<deformation_model.ex>";

<deformation_model.nuxy>";

CBAM pwa_fatigue_abb;
I: REAL;/* length */
xh3: REAL; /* solder height*/
la: REAL
lb:REAL;
xI3:REAL;
xl4:REAL;
hi:REAL;
h2:REAL;
force: REAL;/* 1otal force */
ex: REAL;/* youngs modulus */
ey: REAL;/* yield stress*/
nuxy: REAL; /* poisson’s ration ¥/
density: REAL; /*density */
ctel:REAL;
cte2:REAL;
cte3:REAL;
temperature_s:REAL;
temperature_c:REAL;
| temperature_ref:REAL;

deformation_model : pwa_fatigue_abb;
msi_mos_model : margin_of safety_model;
ms2_mos_model : margin_of _safety_model;

al3: "<link.I> == <deformation_model.[>";

al3: "<link solder. H3> == <deformation_model xh3>";
al3: "<link.component. LA> == <deformation_model.la>";
al3: "<link.pwb.LB> == <deformation_model.lb>";
al3: "<link.component. HI> == <deformation_model.h1>";
al3: "<link.pwb.H2> == <deformation_model.h2>";
al3: "<link.solder.L3> == <deformation_model.xI3>";
al3: "<link.solder.L4> == <deformation_model xl4>";
al6 : "<msl_mos_model allowable> == 0.0{55";

al7 : "<msl_mos_model.determined> == <deformation_model.solder_area>",

CBAM pwajarig;e_madel SUBTYPE_OF link_analysis_model;
name: STRING; /* 051899 link to optimization */

all:"<link.solder.material.stress_strain_model.linear_elastic.youngs_modulus>==
al2: "<link.solder.material.stress_strain_model.linear_elastic.poissons_ratio>==

/* al3: "<link.solder.material.density> == <deformation_model.density>"; */
al4: "<link.solder.material.yield_stress> == <deformation_model.ey>";

all: "<link.solder.material.stress_strain_model.linear_elastic.cte> == <deformation_model.cte3>";
all: "<link.component.material.stress_strain_model.linear_elastic.cte> == <deformation_model.ctel>";
all: "<link.pwb.material stress_strain_model.linear_elastic.cte> == <deformation_model.cte2>";

/% al8 : "<ms2_mos_model.allowable> == <link.solder.material. yield_stress>";
al9 : "<ms2_mos_model.determined> == <deformation_model.sig2>";

*/

END_COB;
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temperature_sj:RFAL;
ssmax: REAL;
solder_area:REAL
coefficient:REAL;
frequency:REAL;
fatig:REAL;
dummy:REAL;
dk:REAL;
RELATIONS

rl:"<ssmax>==

CobExternalToolFunction{ansys,arfat,ssmax,{ <xh3>,<xI3>,<xl4>,<la>,<lb>,<ctel >, <cte2>,<cte3> <h
I>,<h2>}]" ONEWAY;

rl:"<solder_area>==

CobExternalToolFunction{ansys,arfat,area3,{ <xh3>,<xl3> <xl4d> <la> <lb> <ctel >, <cte2>,<cte3>, <h
I>,<h2>]]" ONEWAY;

r2 : "<temperature_sj> == [/4*(2*<temperature_ref>+<temperature_c>+<temperature_s>)";

r3 : "<dummy> == (l+<frequency>)";

r3 ;. "<coefficient> == -0.442-0.00006*<temperature_sj>+0.0174*N{Log{ <dummy>]]";
r3:"<dk>==CobExternalToolFunction[ansys,arfat,nfsl_sxv,{ <xh3>,<xI3>,<xl4>,<la> <lb>,<cte] >, <ct
e2>,<cte3>, <hl>,<h2>]]" ONEWAY;

r3:"<fatig>==CobExternalToolFunction{ansys,arfat,nf.{ <xh3>,<xl3>,<xl4>,<la>,<lb> <cte! >, <cte2 >,
<cte3> <hl><h2>]]" ONEWAY;

/¥ r3: U<fatig> == 1/2*%({<ssmax>/0.65)**<dk>)"; ¥/

END_CBAM;

SCHEMA pwa_apm;
SOURCE_SET truss_link_geometric_model ROOT_COB pwa;
/*USE_FROM lib/apm.cos; */

APM part;
/*part_number : STRING; */
designer : STRING;
END_APM;

APM material;
material : STRING;
END_APM;

APM bodyl;
material : STRING;
HI : REAL;
LA : REAL;
END_APM;

182


file:///END_APM
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APM body2;

material : STRING;
H2 : REAL;

LB : REAL;
END_APM;

APM body3;
material : STRING;
H3 : REAL;

L3 : REAL;

L4 : REAL;
END_APM;

APM pwa SUBTYPE_OF part;
part_number : STRING;
l: REAL;
w : REAL;
t: REAL;
area :REAL;
volume : REAL;
weight : REAL;
component:bodyl;
solder:body3;
pwh:body2;
RELATIONS
PRODUCT_RELATIONS
prl : "<area> == <w>*<>";
pr2 : "<volume> == <[>*<w>*<t>";
pr3 : "<weight> == <volume>*<component.material.density>";

END_SOURCE_SET;
USE_FROM lib/materials.cos AS_SOURCE_SETS;
LINK_DEFINITIONS
truss_link_geometric_model pwa.component.material== materials.material.name;

truss_link_geometric_model.pwa.pwb.material== materials.material.name;
truss_link_geometric_model pwa.solder.material== materials.material. name;

END_LINK_DEFINITIONS;

END_SCHEMA;
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_link__geometric_model.pwa.pwb

Note that those lexical forms have been implemented with minor modifications for

parsing reason in the EOM prototype. In this chapter, test cases have been presented with

results to illustrate the different capabilities of the EOM representation.

The next chapter evaluates the objectives of this thesis (Chapter 3) with respect to the test

cases presented in this chapter.
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CHAPTER 7

EVALUATION

The aim of this chapter is to evaluate the EOM Representation as presented in Chapters 4,
5 and 6. First, Section 7.1 establishes the approach and scope taken for this evaluation
with respect to test cases. Section 7.2 analyzes the results obtained and evaluates them

against the research objectives.

7.1 Evaluation Approach and Scope

The purpose of this evaluation is to assess the degree to which the EOM Representation
has met the objective requirements presented in Chapter 3. The representation has been
developed and tested based on the special requirements of optimization-design-analysis
integration through prototype and test cases. Consequently, the objectives of this thesis
are evaluated by determination of how effective this representation is at integrating

optimization with design and analysis applications.

Recall from Chapter 4 that the EOM Representation consists of the following

components:

e EOM Information Model;
e EOM Definition Languages;

EOM Lexical Forms
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J2OM Graphical Forms

e EOM Protocol;

Evaluation of the EOM Representation is based on evaluating its components against the
research objectives. If the components meet a given objective, then the EOM

Representation meets the objective.

The objectives presented in Chapter 3 were used as a basis for the evaluation of the EOM
Representation. As stated in that chapter, these objectives represent the requirements of a
suitable enhanced optimization model representation. Therefore, the extent to which
EOM Representation met these objectives indicates how fit it is as an enhanced
optimization model representation. This final evaluation of whether or not the EOM
Representation meets a given objective is recorded in the columns of Table 7-1. For each
objective, "Yes", one of these columns indicates that the objective was satisfactorily met

by the corresponding EOM characteristics.

7.2 Evaluation of EOM Rep resentation

Table 7-1 summarizes the results of the evaluation. The reader is referred to Chapter 3
for the descriptions of needs and related objectives. The objectives and the needs that
characterize the EOM representation have been grouped as seen in the left column of the

Table 7-1. Test cases are presented in the first row of Table 7-1.
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TEST CASES

EOM REPRESENTATION
OBJECTIVES FLAP LINK TEN BAR TRUSS SOLDER JOINT FATIGUE
OPTIMIZATION OPTIMIZATION LIFE OPTIMIZATION
OPTIMIZATION INTEGRATION Yes Yes Yes
Optimization Models Yes Yes
PARTITION Analysis Models Yes Yes
Design Models Yes Yes
Optimization- Analysis Yes Yes
ASSOCIATIVITY
Optimization-Design Yes Yes
Objectives
Constraints EOM Table 7-2 EOM Table 7-5
ENHANCEMENT ' pegign Variables EOM Table 7-2 EOM Table 7-5
Analysis Models (CBAMs) CBAM Table 7-3 CBAM Table 7-6
Product Models ( APMs) APM Table 7-4 APM Table 7-7
AUTOMATED METHOD Yes Yes
AND TOOL SELECTION
EXTEND ANALYSIS DESIGN
INTEGRATION ARCHITECTURE Yes Yes Yes
SUPPORT VARIOUS DISIPLINES Yes Yes Yes




7.2.1 Optimization Integration

EOM Representation defines the basic building blocks for creating optimization models
with their analysis and design associations. One of the main functions of EOM is to
present a formal structure for optimization-analysis-design-integration. This
representation provides a mechanism to model optimization objects in conjunction with
analysis and design objects. It also captures the semantics specific to optimization-
analysis-design entities. For that reason, a formal structure, composed with its
information model, its languages (lexical and graphical forms) and its protocols, has been

developed. Constructs of the representation have been introduced in Chapter 4.
e Representation provides a way for partition among optimization, product

and analysis models

A clear distinction among the core attributes and relations that belong to the optimization,
product and analysis models was introduced in Subsection 4.1. The flap link prototype
example extensively shows the relations among optimization

(eom_flap_link_optimization), analysis (cbams) and design entities (apms) in section 6.1.

This partitioning allocates the information to the appropriate engineering domains,
allowing reuse and portability. Also, partitioning helps to identify where the information

is generated, how to retrieve and transform it.

The optimization attributes include the objective function maximized or minimized, the
constraints that are applied to the system and the design variables to achieve the objective
functions. Tables 7-2 and 7-5 show the optimization models for minimization of flap link

weight and for maximum solder fatigue life in PW A respectively.
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The analysis attributes characterize the behavior of the product under specific
environmental conditions, and they provide the response of the system under these
conditions. Tables 7-3 and 7-6 show the analysis representations of flap link and PWA
for different modes and fidelities of analysis models. The intrinsic product attributes and
relations refer to geometric and material related attributes. These attributes are
independent of the environmental conditions to which the product is subjected. Tables 7-

4 and 7-7 show the design representations of flap link and PWA.

e Representation provides modeling language for defining optimization
models

EOM lexical and graphical languages are introduced in Subsection 4.2. EOM
modeling languages allow engineers to easily create, modify or extend optimization
models without requiring extensive effort. The languages are able to capture the main
entities of optimization models with their attributes, associativity links and relations. The
languages are independent of domain and computer applications that are used.

» Representation provides the explicit structure of data integration
knowledge

Generally, the optimization model requires the retrieval of design and analysis information
scattered across several repositories and combined for optimization purposes. For that
reason, a formal structure for defining the transformations provides explicit description of
the data integration process. Generally, these transformations are not explicitly defined.
Therefore, they are implicitly placed inside the code of the optimization and analysis
applications, making it difficult to reuse or modify them. The formal description of
optimization models is defined by the EOM languages. The EOM protocols in Section 4.3

show the methods related to implementation of those associativity links to design and
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analysis objects. Specifically, the flap link example of Section 6.1 shows those links to the

related objects.

7.2.2 Enhancement of Optimization Models

One of the goals of this thesis is to generate and enhance optimization models based on
various fidelities of analysis and product models. This provides modularity and
flexibility to multi-fidelity optimization models that are tailored with a varying
complexity of analysis and design models. An engineer can easily build and modify
optimization model instances with varying complexity. This is one of the major concerns
in current approaches to optimization model-design-analysis. The users have a better
means for adding or changing optimization models and for retrieving data without a

major adaptation of their analysis and product data.

e Representation supports for building and enhancing multi-fidelity

optimization models
It has been illustrated in the test cases that EOM representation supports the modification
of the optimization models. One class of optimization models can be enhanced by adding
new objectives, constraints and design variables while maintaining the same set of design
and analysis models for those optimization models. Table 7-2 shows eoml, eom2, eom3
and eom4 for weight minimization of flap link. All of those models use the same
analysis (cbamla_extension) and design (apm flap link preliminary) models. Eoml has
one objective (weight), one design variable (area) and one constraint (stress). Eom2 has

one additional design variable (material). Eom3 has one design variable (area) and two
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constraints (stress and buckling). Eom4 has both constraints and design variables.
Similarly, Table 7-5 shows the optimization model enhancement for solder fatigue life

optimization case.
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yury defq 10y SPPOIN INOH T-L d19B.L

Enhanced Optimization EOM1 EOM2 | EOM3 EOM4
Models (EOMs) |
Minimize Minimize Minimize Minimize
Optimization Model Weight of flap- Weight of flap- Weight of flap-link_pre | Weight of flap-
Description link_pre based on link_pre based on its | based on its area using | link_pre based on its
its area using 1D area and material 2D FE Stress Model area and material
Normal Stress using 1D Normal using 2D FE Stress
1 - Model Stress Model _ | Model
Optimization Model Minimize Minimize Minimize Minimize
Objectives: Weight of Flap Weight of Flap Link Weight of Flap Link | Weight of Flap Link
Link
Constraints: limits on area limits on area limits on area " limits on area
constraint on stress list of materials list of materials
constraint on stress constraint on stress constraint on stress
constraint on buckling | constraint on
_ buckling
Design Variables: A A, material A A, material
Name: flap link area flap link arca flap link area flap link area
material material
Type: continuous continuous continuous continuous
discrete discrete discrete
cbamla_extension cbamla_extension cbamla_extension cbamla_extension
, cbam2_buckling cbamla_buckling
apm_flaplink_pre apm_flaplink _pre apm_flaplink_pre apm_flaplink_pre
Optimization Method Modified Feasible Mix Modified Feasible Mix
Direction Integer_Continuous | Direction Integer_Continuous
Optimization Tool GeneralBolink with | GeneralBolinkl with | GeneralBolink with GeneralBolink1 with
CONMIN CONMIN CONMIN CONMIN




Enhanced Optimization EOMS | EOM6
Models (EOMs)
Minimize Minimize
Optimization Mode! Weight of flap link detailed | Weight of flap link
Description Based on its flange and wall | detailed

thickness using FE Plain

based on its flange and

Strain Model wall thickness, flange
width and length using FE
Plain Strain Model
Optimization Model Minimize Minimize

Objectives:

Weight of Flap Link

Weight of Flap Link

Constraints:

Limits on wall thickness
Limits on flange thickness
Stress constraint

Limits on wall thickness
Limits on flange thickness
Limits on flange width
Limits on flap link length
Stress constraint

Design Variables:

r.f - tw

Name:

Type:

| Optimjzation Method

wall thickness
flange thickness
all continuous

wall thickness
flange thickness

flange width
flap link length
all continuous

cbamlb_plane_strain_FE

cbamlb_plane_strain_FE

apm_flaplink_detailed

apm_flaplink_detailed

Feasibk Direction
Method

Feasible Direction
Method

Table 7-2 EOM Models for Flap Link (continue)
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CBAMS Description

Model Description

Buckling Model

Extensional Model
(Formula Based)

PZP

Ine Strain Mode

o ..'S'

N “So!de.r Joiﬁl

Normal Stress

e —

Apm_flaplink_la

Apm_flaplink_1la

Apm_flaplink_1b

cbam2 cbamla cbam 1b
Analysis Description 1D 1D Normal Stress 2D Detailed
Buckling FE Analysis
Analysis Method Formula Formula FE Element
Analysis Tool Mathematica Mathematica Ansys

Table 7-3 CBAMs: Flap Link Case Study Analyses

Flap Link Model
Description

Sleeve 7

Design stage

Preliminary

Detailed

Geometry description

Sleeves
Prismatic Link

Sleeves
I-Beam Link

Material model description

Linear Elastic :

(Steel,

Titanium, Aluminum})

CAD Tool

CATIA
IDEAS

Table 7-4 Product Models for Solder Joint Fatigue Case Study
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Enhanced Optimization EOM1 EOM2 & 2’ EOM3 EOM4
Models (EOMs) lold 1o02d lold lolc2d
Maximize Maximize Maximize Maximize

Optimization Model
Description

Solder Fatigue Life
of solder | based on
its height using

Solder Fatigue Life |
of solder | based on
its height and PWB

Solder Fatigue Life
of solder 2 based on
its height using FE

Solder Fatigue Life
of solder 2 based on its
height & length using

Extensional material using Rectangle Model FE Rectangle Model

Model Extensional Model B
Optimization Model Maximize Maximize Maximize Maximize
Objectives: Solder Fatigue Life | Solder Fatigue Life | Solder Fatigue Life ( Solder Fatigue Life
Constraints: | limits on height limits on height limits on height Limits on height

list of materials

Limits on base length
Solder Volume

IO I9P[OS 10 S[PPOIN WOH §-L B

Design Variables: h h, o h, hisly
Name: solder height solder height solder height solder height
pwb material ' solder base length3
Type: continuous continuous | continuous all continuous
discrete
cbam1_extension cbam|_extension cham?2a_plane_strain cbam?2a_plane_strain
apm_pwa_l apm_pwa_l apm_pwa_2 apm_pwa_2
Optimization Method Variable Metric Mix Sub-probiem Sub-problem
Method Integer_Continuous | Approximation Approximation

Method / M. Feasible
Direction

Method / M. Feasible
Direction

_ Optimization Tool

BFGS Fortran Press
at al. & CONMIN

Modified BFGS

Ansys-Opt/
CONMIN

Ansys-Opt/
CONMIN
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(nunuoo) Jurof 19p[og 10§ S[PPON IWOH S-L AquL,

Optimization Model
Description

Solder Fatigue Life
of soider 2 based on
its height and base

Solder Fatigue Life
of solder 2 based on
its height and lengths

Enhanced Optimization EOMS5 EOM6 EOM7
Models (EOMs) lo2dic lo3d lo3dlc
Maximize Maximize Maximize

Solder Fatigue Life
of solder 2 based on
its height andlengths

Optimization Model
Objectives:

length using FE using FE Detailed using FE Detailed
Detailed Model Model Model
Maximize Maximize Maximize

Solder Fatigue Life

Solder Fatigue Life

Solder Fatigue Life

Constraints:

limits on height
limits on base length
solder volume

limits on height
limits onbase length3
limits onbase length4

limits on height

limits on base length3

limits on base lengthd
solder volume

ik i3

Design Variables: by Ly Ay, Ly L Hy ol 5L,
Name: Solder height solder height solder height
solder base length3 solder base length3 solder base length3
Type: all continuous solder base length4 solder base length4

all continuous

all continuous

cbam2b_plane_strain

cbam2b_plane_strain

cbam2Zb_plane_strain

——

. yle 7= | apm pwa 2 apm_pwa_2 apm_pwa_2
Optimization Method Sub-problem Sub-problem Sub-problem
Approximation Approximation Approximation
Method Method Method
Optimization Tool Ansys-Opt Ansys-Opt Ansys-Opt




CBAMS Description

Extensional Model Plane Strain Model
Te

— Solder Joint
Companant (PSE], T {PSE)
— _ Substale/PWH (PSB} Te

|PSE = Plana Strain Body)

Strain Model Description

Deformed State

Solder Model Viscoplastic
Solder Model Linear Solder Model
; ] Apm_pwa_1 Apm_pwa_2 Apm_pwa_2
Solder Joint cbaml cbam2a cbam2b
Analysis Description 1D 2D Rectangular 2D Detailed
Solder Joint Solder Joint Solder Joint
Analysis Method Formula FE Element FE Element
Analysis Tool Mathematica Ansys Ansys

Table 7-6 CBAMs: Solder Joint Fatigue Case Study Analyses

gPM Description

Printed Wiring Printed Wiring Assembly B
PWA Model Description Assembly 1 i

[ Componan! l ki

| | Soier jaimt 1= o e .>/ :

l Fwe | ¥

)

P L s e

Design Stage Preliminary Detailed
Geometry description Resistor R11 ResistorR11 Resistor R11
Solder Joint 2D Rectangular 2D Detailed
2D PWB Solder Joint Solder Joint

2D PWB 2D PWB
Material description Resistor R11: Alumina
Solder Joint : Fr4
o PWB: Pb_Sn
CAD Tool Menthor Graphics

Table 7-7 Product Models for Solder Joint Fatigue Case Study
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e Representation incorporates multi-fidelity analysis and design models

into optimization models.

Above, the enhancement of one class of optimization models can be achieved by adding
new objectives, constraints and design variables by using the same analysis and design
models. Another class of optimization model has been generated using a higher fidelity of
analysis models (cbams) and design models (apms). Tables 7-3 and 7-4 show varying
fidelities of analysis and design models which are incorporated into optimization models

for the flap link example. Similarly, Tables 7-6 and 7-7 show varying fidelities of analysis

and design models for PWA.

7.2.3 Representation supports automated Optimization Method and Tool
Selection

The determination of automated selection of the optimization method based on
the EOM representation has been explained in subsection 6.3. That section
also explains how compatible tools for that method can be implemented to
find the optimum solution of the optimization model. In Chapter 3§,
implementation for the flap link case shows that the right method is found by
testing the design variables, whether they are continuous or discrete variables.
Table 7-2 and Table 7-5 summarize the methods and tools used for eom

models for flap link optimization.
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7.2.4 Optimization Models from Various Engineering Disciplines

Most of the products require numerous analysis disciplines to test for different behaviors.
This is shown in the test case of flap link for the stress and buckling analysis. Also, stress
analysis for the ten-bar truss example demonstrates that the results obtained in this thesis
are compatible with the results in the literature. Fatigue life analyses of solder joint fatigue
life for different fidelities were shown in subsection 6.3. Those analyses are used to obtain
the response from the engineering part. Those responses are reflected in the optimization
models. The representation supports the approach to optimization where different

disciplines are used to construct the models.

7.2.5 Extend and Utilize Multi-Representation Architecture (MRA)

The EOM Representation is compatible with the MRA approach [Peak, 1995]; it utilizes
the MRA by interacting with the product information and analysis information. This
adds the capability of extending MRA to the optimization domain. In addition, EOM
facilitates design representation and analysis representation already developed in EIS
Lab. The EOM Representation provides associativity links for interaction among CBAM
and APM models. This mechanism also supports the recursive nature of optimization
tools during data interaction. Thus, transformation of the information is managed in an

efficient manner.
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7.3 EOM Representation Ve

rsus Classical Optimization Model

Some of the differences and advantage

s of EOM representation are explained by an

example below. Figure 7-1 shows the classical engineering optimization model with its

parameters used to define the objective,

constraint function and design variables. As

shown in Figure 7-1, material has been chosen as one of the design variables. A list of

materials has been searched in conjunction with area to find a minimum weight of a flap

link.

]'.
Design vziriabl '

i

X={A,

L

ENGINEERING OPTIMIZATION MODE

Minimize
fi ”\’)‘L A Weight
Subject tq
4] =((l§1::‘A) f@a_l Normalized

1

8

H

!

Stress Constraint

1

INTERFACE |

OPTIMIZATION
CODE

Figure 7-1 Classical Engineering Optimization Model

Selecting a material from the list of materials has an effect on the optimization model

during the optimization process. For instance, selection of a particular material from a list
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of materials in the above optimization model requires data retrieval of density and yield
stress of the material from different sources (material database, catalogs, etc.). Although
user interfaces have been developed recently, the information is lumped together in the
classical optimization model. The model developer has to retrieve the information with
difficulty. There is no explicit relationship between the optimization model and the
information sources. If there is a relationship, it is implicit; also, this process is

procedural. Figure 7-2 shows the EOM Constraint schematic view of the same model.

OPTIMIZATION
ANALYSIS DESIGN

/ / /

defonmation model

Extensional Aog

{isothermal)
_é L, Ap (o
Py e |
0 Ls;vair:l'. st b
slrd s__Cnd\fLrainl allowniie j 3
.." 23 el Cle
d101 [ cumy

i A
A
near elaslic m%yaungsf F G‘J _|

modulus,
: F eQ

design vanabiexl xgrea

!_is!d_stres o

=bam cham extension SR PR Basinmasmnnn Yy

;:;u‘fiucr structurfap-ink

3
« MODULAR, GET BENEFIT OF OBJECT ORIENTATION
INTERFACE
e ASSOCIATIVITY I

OPTIMIZATION

CODE

Figure 7-2 EOM Representation-Constraint Schematic Graph
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EOM representation utilizes the object oriented and constraint graph concepts. EOM
representation partitions the information in the optimization model to its optimization,
analysis and design domains. Then, transformation between optimization model objects
and analysis/design objects can be formally and explicitly defined by EOM associations.
Partition of domains to their attributes, and relationships of association between those
attributes, lead to the easier enhancement ability of the optimization model. It becomes
more modular and flexible to enhance the model in different levels. This also leads to
identification of the optimization model and tools. Thus, automation of the optimization
process is achieved for diverse optimization problems based on their explicit information
captured in EOM representation. Because information is captured in schema (meta-level),

changing the optimization tool does not change the EOM object.



CHAPTER 8
CLOSURE

In this research, information representations of optimization models have been developed
to facilitate the design process in a more efficient manner. This information representation
named Enhanced Optimization Model (EOM) facilitates multiple fidelity optimization,
analysis and design models, emphasizing association with product and analysis specific
information. One of the main goals of this thesis, optimization-design-analysis integration
considering modularity, is achieved by EOM representation. The representation is used for
capturing the information in the optimization model with association linkage to the product
and analysis specific information. The enhanced optimization model (EOM) is an
engineering optimization model which is semantically rich and, where needed, constraints
and design variables are defined in terms of product- and analysis-specific terms. These
terms are also as flexible to enhance the model during the design progression. In
structures, optimization of flap link and ten-bar truss have been demonstrated in test cases.
Also, optimization of solder joint fatigue life has been demonstrated in the electronic
packaging area. Those test cases, specifically, have demonstrated the ability of EOM
Representation by targeting the interaction of optimization with design and analysis to
produce an optimized component. The study also demonstrates information techniques for

optimization model generation and usage.
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8.1 Uniqueness of Solution and Benefits

The primary contributions of this research are representations and methods to improve

the design optimization process. The significance of this research is that it supports

enhancement in optimization, the explicit representation of optimization problems and

modularity, which breaks optimization into natural engineering objects for optimization-

analysis-design integration. New optimization capabilities effectively add a highly

automated loop that provides inputs to analysis and product data. One contribution of

this thesis is the ability to add such optimization loops to different types of analysis

models - taking advantage of their modular nature to select appropriate optimization

algorithms and to perform optimization at differing levels. Thus, the resulting

optimization capabilities could potentially be added to analysis models developed in

various disciplines.

Uniqueness of Solution:

a) EOM Representation helps to construct optimization models utilizing product and
analysis specific information to drive optimization.

b) Data, with its semantics and values, retrieved from analysis and design
representations, are utilized in the optimization model.

¢) EOM Representation supports enhancement of optimization models of different
complexity and levels by adding optimization to the existing analysis and design
models.

d) EOM Representation automates optimization based on product type, analysis

technique and optimization models.
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Benefits:

a)

b)

d)

¢)

g

The representation permits deeper understanding of engineering optimization through
new knowledge representations.

The representation enables optimization models to retrieve the data they need from
design and analysis representations instead of considering all the entities combined as
a whole in the optimization model.

Engineers can easily understand the representation of an optimization model with its
ingredients.

Common analysis and design data is shared among several optimization models
instead of replicated in the codes of each individual application.

The representation is easily defined, constructed and modified.

The representation enables improved PW A designs with more balanced consideration
of thermo-mechanical issues and other life cycle constraints.

The representation offers potential applications to other domains beyond the test
cases, taking better advantage of CAE/CAD tools currently deployed by research and

industry.
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8.2 Recommended Extensions

¢ Partitioning by measuring the correlation among the optimization, analysis and
design entities

As design progresses in different phases, the product, analysis and optimization models
become more information-intensive. Figure 8-1 above shows a preliminary study of the
three main entities of flap link in an orthogonal view with increasing fidelity during
design stages.

The design dimension is illustrated with two different fidelities of product model of flap
link; flap_link_preliminary(ampla) and flap_link_detailed(apmlb). = The analysis
dimension is illustrated with these analysis models: cbamla and cbamlb for
normal_stress analysis, and cbam2 for buckling analysis. The optimization dimension is
illustrated with the eom model of different enhanced levels. Marked points in Figure 8-1
show the compatibility among the models. For instance, flap_link_preliminary(ampla)
model is not compatible for cbam2(FE Analysis), which is developed for
flap_link_detailed(apmlb). Furthermore, the position in each axis can be a relative
measurement for degree of accuracy of the model. That view, which illustrates the
relationships among the models and degrees of accuracy, may help to map the models
into a mathematical space. This may lead to the use of mathematical operations to better

predict and analyze the models.
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Figure 8-1 Design-Analysis-Optimization Progression Correlation with Cartesian View

e Measuring the accuracy of the individual optimization models, analysis models
and design models independently

Usage of various fidelities of engineering models of optimization, analysis and design
requires research about the degree of accuracy of those models. There is a need for an
intelligent way of measuring the accuracy of the engineering models individually. A
model is defined with estimated or tested accuracy as a base value; then, measurements

of different fidelities of that representative model may be performed with respect to that

base value.
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e Measuring the accuracy of the collective optimization model

The optimization models uatilize both the analysis and design models. The analysis
models utilize the design models. The accuracy of design and analysis models affects the
optimization model downstream. Replacing any model of analysis or design models with
another fidelity model of the same type has an impact on the accuracy of the optimization

model; further research is required to develop a method to determine the collective

accuracy of the whole system.

e EOM Integrity Check

It is desirable to extend integrity check and debugging capabilities to the current EOM
structure. EOM can facilitate performing automatic checks on optimization models.
These include basic checks such as addition, deletion of attributes and relations, as well
as syntax and logic checks such as objectives, constraints and design variables, ensuring
that they are selected in a consistent manner. Furthermore, the addition of a debugging
feature based on integrity checks in the model has an impact on designers who develop

the eom models.

e Developing of better Optimization Solution Method Model

The analysis solution methods have been explored and developed with their main

building blocks in Eislab. An analogy exists between optimization and analysis, and
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further exploration in the area of optimization solution method modeling is indicated to
increase the performance of EOM implementation. The faster and robust data transfer
and execution of the tools increase the performance. The other extension related to
OSMM can be solution assistance. EOM objects may facilitate solution assistance to
analyze the input and output of solution tools (i.e. local minimum versus global
min/max).

Finally, the functionality of automatic identification of optimization method tools based

on eom schema can be extended to larger class of methods and tools.

e Extend EOM capabilities to Multidisciplinary Optimization

The cases presented in this thesis do not include the coupled interaction for the analyses.
The basic building blocks of EOM have been built. Some of those building blocks can be

extended to include higher complexity problems requiring multidisciplinary optimization

solutions.
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APPENDIX A
EOM SCHEMAS FOR FLAP LINK

EOM Schema for Flap Link (Preliminary)
(102c1d case)
f*
Copyright 1999 by Georgia Tech
Engineering Information Systems Lab
eislab.gatech.edu

Author: Selcuk Cimtalay
*/

SCHEMA flap;

SOURCE_SET optimization ROOT_DOMAIN flap;
COB flap;

/* objective */

obj: REAL;
/* constraints < () */

gl: REAL;
g2: REAL;
/* design variables */

area : REAL;
/* analysis models */
cbaml ;: STRING;
cbam? : STRING;
RELATIONS
rl ; "<area> ==<cbaml .deformation_model.area>";
r2 ;. "<area> =:=<cbam?2.deformation_model area>";
r3 : "<gl> == (1.0/(<cbaml .stress_mos_model.margin_of_safety>+ 1.0))-1";
13 "<g2> ==(1.0/(<cbam2.buckling_mos_model.margin_of_safety> +1.0))-1";
r5 : "<obj> == (<area>*<cbaml link.|>)*<cbaml.link.material.density>";
END_COB,

END_SOURCE_SET;
USE_FROM flap_link/selcuks’ flap/1dcase/flap_link_cbams_buckling_mod.cos AS_SOURCE_SETS;
LINK_DEFINITIONS

optimization.flap.cham1 == chams.link_extensional_model.name;

optimization.flap.cbam?2 == cbams.link_buckling_model.name;

END_LINK_DEFINITIONS;

END_SCHEMA;
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[

EOM Schema for Flap Link (Preliminary)
(lolc2d case)

Copyright 1999 by Georgia Tech
Engineering Information Systems Lab
eislab.gatech.edu

Author: Selcuk Cimtalay

i

SCHEMA Omep;

SOURCE_SET optimization ROOT_DOMAIN Omep;

COB Omep;

/* objective */

obj: REAL,;

/* constraints < 0 */

gl: REAL;

/* design variables */
t: REAL;
w: REAL;

/* analysis models */
cbam! : STRING;

RELATIONS

rl : "<t>==<cbaml.link.t>";

r2 : "<w> == <cbaml.link.w>";

13 : "<gl> == (1.0/(<cbaml . stress_mos_model.margin_of_safety>+ 1.0))-1";

r4 : "<obj> == (<cbaml.link.area>*<cbaml.link.I>)*<cbam1.link.material.density>";
END_COB;

END_SOURCE_SET;

USE_FROM flap_link/selcuks’ flap/2dcase/Ccbams.cos AS_SOURCE_SETS;

LINK_DEFINITIONS
optimization.Omep.cbam] == cbams.link_extensional_model.name;

END_LINK_DEFINITIONS;

END_SCHEMA;
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EOM Schema for Flap Link (Preliminary)

(102¢2d case)
’1*
Copyright 1999 by Georgia Tech
Engineering Information Systems Lab
eislab.gatech.edu

Author: Selcuk Cimtalay
*/

SCHEMA Omep;

SOURCE_SET optimization ROOT_DOMAIN Omep;
COB Omep;

/* OBJECTIVE < 0 */

obj: REAL;

/* constraints < 0 */

gl: REAL;
g2: REAL;

/* Design Variables */
t: REAL;
w: REAL;

/* analysis models */
cbaml : STRING;
cbam?2 : STRING;
RELATIONS
rl : "<t>==<cbaml.link.1>";
r2 : "<w> == <cbaml.link.w>";
r3 : "<t> == <cbam?2.link.t>";
rd : "<w> == <cbam2.link.w>";
5 : "<gl> == (1.0/(<cbaml .stress_mos_model.margin_of_safety> + 1.0))-1";
6 : "<g2> ==(1.0/(<cbam2.buckling_mos_model.margin_of_safety> +1.0))-1";
r7 : "<obj> == (<cbaml link.area>*<cbaml link.I>)*<cbam| link.material.density>";
END _COB;

END_SOURCE_SET:;
USE_FROM flap_link/selcuks’ flap/2dcase/Ccbams.cos AS_SOURCE_SETS;
LINK_DEFINITIONS
optimization.Omep.cbaml == cbams.link_extensional_model.name;
optimization.Omep.cbam2 == cbams.link_buckling_model.name;

END_LINK_DEFINITIONS;
END_SCHEMA;
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EOM Schema for Flap Link (Detailed) with FE Analysis
(lolcld case)

;‘*

Copyright 1999 by Georgia Tech
Engineering Information Systems Lab
eislab.gatech.edu

Author: Selcuk Cimtalay

*/

SCHEMA flap;

SOURCE_SET optimization ROOT_DOMAIN flap;

COB flap;
/* objectives */
obj: REAL;
/* constraints < () */
gl: REAL;
/* analysis models */
cbam3: STRING;
/* design variables */
area : REAL;
RELATIONS
rl : "<area> ==<cbam3.link.shalt.critical_cross_section.basic.area>";
/*12 ; "<g2> == <cbam3.ux_mos_model.margin_of_safety> * -1"; */
r3 : "<gl> == 1/(1+<cbam3.sx_mos_model.margin_of_safety>)-1";
r4 : "<obj> == (<area>*<cbam3.link effective_length>)*<cbam3.link. material.density>";

END_COB;

END_SOURCE_SET;

USE_FROM flap_link/FEoptimization/flap_link_cbams08.cos AS_SOURCE_SETS;

LINK_DEFINITIONS

/* optimization.flap.cbam| == cbams.link_extensional_model.name; */

/* optimization.flap.cham?2 == cbams.link_buckling_model.name; */
optimization.flap.cham3 == cbams.link_plane_stress_model.name;

END_LINK_DEFINITIONS;

END_SCHEMA;
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APPENDIX B

CBAM SCHEMA FOR FLAP LINK
SCHEMA flap_link_analysis_models;
Syntax: cob v2.1

Purpose:
The flap link example demonstrating typical CBAM structure described below. It currently has three
flap_link-specific cbams to demonstrate supporting diverse modes, fidelity, and analysis tool usage:
- extension mode: 1D extensional rod model
- extension mode: 2D plane stress model (FEA-based)
- buckling mode: 1D Buckling rod model

This example schema uses three source_sets in the currently recommended manner for cbams:
1. cham source sel
- specifies cbams specific to flap_link (in flap_link_cbams.cos - this file)
- specilics associativity between apm and generic deformation_models and mos models
- uses lib/abbs.cos
- uses apm source set via USE_FROM construct
- defines links to apm via part_number (see LINK_DEFINITIONS)
2. apm source set
- specifies apm for flap_link (in flap_link_apm.cos)
- uses common apm resources from lib/apm.cos etc.
- uses materials source set via USE_FROM construct
- defines links to materials via material id (see LINK_DEFINITIONS in the apm schema)
3. materials source set
- specifies materials property data schema (in lib/materials.cos)
- these materail cob instances would get populated largely from material databases
- instances may be included in this directory as copies of those from the lib directory, or they may
be read in directly from the lib directory

SOURCE_SET ¢bams ROOT_COB cbam;

USE_FROM lib\Selcuk_abbs.cos;

COB link_analysis_model SUBTYPE_OF cbam:

/** "Subclasses relate stress mos with deformation models of varying fidelity. Demonstates cham
concepts."; ==*/

link : STRING;

associated_condition : condition;

END_COB,;

COB link_extensional_model SUBTYPE_OF link_analysis_model;
/*== "Represents 1D formula-based extensional model."; ==*/
/*== MODE ==%/

/* "compression”; ¥/
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name: STRING; /* 032299 link to optimization */

stress_mos_model : margin_of_safety_model;

deformation_model : extensional_rod_isothermal;
RELATIONS

all : "<deformation_model.undeformed_length> == <link.1>";

al? : "<deformation_model.area> == <link.area>";

al3 : "<deformation_model.material_model.youngs_modulus> ==
<link.material.stress_strain_model.linear_elastic.youngs_modulus>";

ald : "<deformation_model.material_model.name> == <link.material.name>";

als : "<deformation_model.force> == <associated_condition.reaction>":

al6 : "<stress_mos_model.allowable> == <link.material.yield_stress>";

al7 : "<stress_mos_model.determined> == <deformation_model.material_model.stress>";

END_COB;

COB link_buckling_model SUBTYPE_OF link_analysis_model;
/*=="Represents 1D formula-based extensional model."; ==*/
/*== MODE ==:*
/* "tension"; */
name: STRING: /* 032299 link to optimization */
buckling_mos_model : margin_of_safety_model;
deformation_model : pinned_pinned_column ;
RELATIONS
all : "<deformation_model.undeformed_length> == <link.I>";
al2 : "<deformation_model.area> == <link.area>";
al2 : "<deformation_model.moment_of_inertia> == <link.inertia>";
al3 : "<deformation_model.material_model.youngs_modulus> ==
<link.material.stress_strain_model.linear_elastic.youngs_modulus>";
al4 : "<deformation_model.material_model.name> == <link.material.name>";
/* al5 : "<deformation_model.inertia> == <associated_condition.reaction>"; */
al6 : "<buckling_mos_model.allowable> == <deformation_model.critical _force>";
al7 : "<buckling_mos_model.determined> == <associated_condition.reaction>";
END_COB:

COB link_plane_stress_model SUBTYPE_OF link_analysis_model;
name: STRING; /* 051899 link to optimization */
deformation_model : link_plane_stress_abb;
sx_mos_model : margin_of_safety_model;
ux_mos_model : margin_of_safety_model;
/* wi_mos_model : margin_of_safety_model;*/
RELATIONS
all: "<link.material.stress_strain_model.linear_elastic.youngs_modulus> == <deformation_meodel.ex>";
al2: "<link.material.stress_strain_model.linear_elastic.poissons_ratio> == <deformation_model.nuxy>";
al3: "<link.effective_length> == <deformation_model.I>";
al5: "<link.sleevel width> == <deformation_model.ws1>";
al6: "<link.sleevel.wall_thickness> == <deformation_model.ts1>";
al7: "<link.sleevel.outer_diameter> == <deformation_model.rs>*2.0";
al8: "<link.sleeve2 . width> == <deformation_model. ws2>";
al9: "<link.sleeve2.wall_thickness> == <deformation_model.ts2>";
al10: "<link sleeve2.outer_diameter> == <deformation_model.rs2>*2.0";
/* use critical_cross_section."basi¢c" */
alll: "<link.shaft.critical_cross_section.basic.web_thickness> == <deformation_model.tw>";
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all12: "<link.shaft.critical_cross_section.basic.flange_thickness> == <deformation_model .tf>";
al13: "<link.shaft.critical_cross_section.basic.flange_width> == <deformation_model.wf>";
all4: "<associated_condition.reaction> == <deformation_model.force>";
al6 : "<sx_mos_model.allowable> == <link.material.yield_stress>";
al7 : "<sx_mos_model.determined> == <deformation_model.sx>";
al8 : "<ux_mos_model.allowable> == <link.allowable_inter_axis_length_change>";
al9 : "<ux_mos_model.determined> == <deformation_model.ux>";
/*al10 :"<wt_mos_model.determined> == <deformation_model. wi>"; */
END_COB;

COB link_plane_stress_abb;

I: REAL; /* length */

wsl: REAL; /* width at sleevel */

tsl: REAL; /* thickness at sleevel */

rsl; REAL; /* radius Of sleevel (rsl<rs2) */

ws2: REAL; /¥ widthth at slecve2 */

1s2: REAL; /#* thickness of sleeve */

rs2: REAL; /* radius of sleeve2 */

tw: REAL;  /* thickness at shaft_web */

tf: REAL; /* thickness of shaft */

wf: REAL; /* thickness at shaft_flange */

force: REAL; /* total force */

ex: REAL; /* youngs modulus */

nuxy: REAL: /* poisson’s ration */

ux: REAL; /* deformation in x dir */

sx: REAL; /*stress in x dir */

wt :REAL; /* objective function weight Selcuk’s addition*/
RELATIONS

rl: "=uxs==
CobExternalToolFunction[ansys,flaplink,ux.{ <ex><nuxy><l><ws > <ws2> <rsl>,<rs2> <ts > <ts2>,<1
w> <tf> <wi> <force>}]" ONEWAY;
r2: "<sx> ==

CobExternalToolFunction[ansys,flaplink,sx,{ <ex>.<nuxy>.<|> <ws1> <ws2> <rsl>,<rs2> <ts 1> <ts2>,<t
w> <tf> <wf> <force>}]" ONEWAY;
r3: "ewl> ==
CobExternal ToolFunction[ansys,flaplink,wt,{ <ex><nuxy>,<l>,<ws1> <ws2> <rsl >,<rs2> <ts | > <ts2>,<t
w> <tf> <wf> <force>}]" ONEWAY;
rd: "<tw> ==
CobExternal ToolFunction[ansys, [Taplink,tw, { <ex> <nuxy> <> <ws > <ws2> <rs 1> <rs2> <ts | > <ts2>,<t
w>,<tf><wl><force>}]" ONEWAY;
END_COB;
END_SOURCE_SET;

USE_FROM flap_link\Mlap_link_apm.cos AS_SOURCE_SETS;

LINK_DEFINITIONS
cbams.link_extensional_model.link == flap_link_geometric_model.flap_link.part_number;
cbams.link_plane_stress_model.link == flap_link_geometric_model.flap_link.part_number;
cbams.link_buckling_model.link == flap_link_geometric_model.flap_link.part_number;

END_LINK_DEFINITIONS;

END_SCHEMA
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APPENDIX C
ABBs

SCHEMA abbs;
SOURCE_SET abbs ROOT_COB abb:

1%

Copyright 1998 by Georgia Tech
Engineering Information Systems Lab
eislab.gatech.edu

Description:

- abb library (analytical engineering concepts independent of product type)

- used 1n cbams, etc. via USE_FROM construct

- has basic structure for major types of abbs (after [Peak, 1993]) with placeholders as examples (see
Express-G view)

Syntax: cob v2.1
Authors: Selcuk Cimtalay, M. Wilson, R. Peak */

COB abb;

/* description */
/* references */

/* variables */

/* subsystems */
/* RELATIONS */
END_COB:

COB analysis_system SUBTYPE_OF abb;
END_COB;

COB specialized_analysis_system SUBTYPE_OF analysis_system;
END_COB;

COB analysis_primitive SUBTYPE_OF abb;
END_COB;

COB material_model SUBTYPE_OF analysis_primitive;
name : STRING;
yield_stress, &sigma;<sub>2</sub> : REAL;
END_COB;

COB solid_material_model SUBTYPE_OF material_model;
END_COB;

COB fatigue_model SUBTYPE_OF solid_material_model;
average_cycles_to_failure ;: REAL;
load_frequency : REAL;
mean_cyclic_temperature : REAL;

END_COB;
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COB coffin_manson_model SUBTYPE_OF fatigue_model;
total_cyclic_strain_range : REAL;
elastic_cyclic_strain_range : REAL;
plastic_cyclic_strain_range : REAL;
fatigue_ductility_coefficient : REAL;
fatigue_ductility_exponent, ¢ : REAL;
fatigue_strength_coefficient : REAL;
fatigue_strength_exponent, b : REAL;

END_COB;

COB stress_strain_model SUBTYPE_OF solid_material_model;
END_COB;

COB viscoplastic_model SUBTYPE_OF stress_strain_model;
END_COB,;

COB plastic_model SUBTYPE_OF stress_strain_model;
END_COB,;

COB bilinear_plastic_model SUBTYPE_OF plastic_model;
END_COB;

COB elastic_model SUBTYPE_OF stress_strain_model;
END_COB;

COB one_D_linear_elastic_model SUBTYPE_OF elastic_model;
youngs_modulus, E : REAL;
poissons_ratio, &nu; : REAL;
cte, &alpha; : REAL;
shear_modulus, G : REAL;
strain, &epsilon; : REAL;
stress, &sigma; : REAL;
shear_stress, &tau; : REAL;
shear_strain, &gamma; : REAL;
thermal_strain, &epsilon;<sub>t</sub> : REAL;
elastic_strain, &epsilon;<sub>e</sub> : REAL;
temperature_change, &Delta;L : REAL;
RELATIONS
rl : "<shear_modulus> * ( 2 * (1 + <poissons_ratio> ) ) == <youngs_modulus>";
r2 : "<strain> == <elastic_strain> + <thermal_strain>";
r3 : "<elastic_strain> == <stress> / <youngs_modulus>";
r4 : "<thermal_strain> == <cte> * <temperature_change>";
r3 : "<shear_strain> == <shear_stress> / <shear_modulus>";
END_COB;

COB one_D_linear_elastic_model _1sothermal SUBTYPE_OF one_D_linear_elastic_model;
RELATIONS
6 : "<temperature_change> == 0";

END_COB;

COB one_D_linear_elastic_model_noShear SUBTYPE_OF one_D_linear_elastic_maodel;
RELATIONS
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r6 : "<shear_stress>==0";
END_COB;

COB fluid_model SUBTYPE_OF material_model;
END_COB;

COB newtonian_fluid SUBTYPE_OF fluid_model;
END_COB;

COB analysis_body SUBTYPE_OF analysis_primitive;
END_COB;

COB continuum_body SUBTYPE_OF analysis_body;
/¥ matter : material_model; */
/* temperature : REAL; */
/* position : REAL; */
/* geometry : REAL; */
END_COB;

COB solid_continuum_body SUBTYPE_OF continuum_body;
END_COB;

COB fluid_continuum_body SUBTYPE_OF continuum_body:;
END_COB:

COB rigid_body SUBTYPE_OF solid_continuum_body;
END_COB;

COB deformable_body SUBTYPE_OF solid_continuum_body;
END_COB;

COB plate SUBTYPE_OF deformable_body;
END_COB;

COB plane_stress SUBTYPE_OF deformable_body;
END_COB:

COB plane_strain SUBTYPE_OF deformable_body;
END_COB,;

COB shell SUBTYPE_OF deformable_body;
END_COB;

COB membrane SUBTYPE_OF deformable_body;
END_COB;

COB slender_body SUBTYPE_OF deformable_body;
undeformed _length, L<sub>0</sub> : REAL;
reference_temperature, T<sub>0</sub> : REAL;
temperature, T : REAL;

/* material_model : material_model */
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RELATIONS
rl : "<material_model.temperature_change> == <temperature> - <reference_temperature>";
END_COB;

COB bending_beam SUBTYPE_OF slender_body;
END_COB;

COB culer_beam SUBTYPE_OF bending_beam;
END_COB;

COB timoshenko_beam SUBTYPE_OF bending_beam;
END_COB;

COB thermal_bending_beam SUBTYPE_OF bending_beam;
total_thickness, t ;: REAL;
warpage: REAL;
material_model: one_D_linear_elastic_model;
RELATIONS
rl: "<warpage> * <total_thickness> == <material_model.cte> *
<material_model.temperature_change> *<undeformed_length>#*2 ";

END_COB;

COB extensional_rod SUBTYPE_OF slender_body;
‘f*
description : "Assumes no distributed load (i.e., torque is uniform along the length)."
*f
start, x<sub>1-z/sub> : REAL;
end, x<sub>2</sub> : REAL;
length, L : REAL;
total_elongation, &Delta;LL : REAL;
force, F : REAL;
area, A : REAL;
material_model : one_D_linear_elastic_model_noShear;
RELATIONS
rl : "<length> == <end> - <start>";
r2 : "<total_elongation> == <length> - <undeformed_length>";
r3 : "<material_model.strain> == <total_elongation> / <undeformed_length>";
rd : "<material_model.stress> == <force> / <area>";
END_COB:

COB extensional_rod_isothermal SUBTYPE_OF extensional_rod;
RELATIONS
r5 : "<material_model.temperature_change> == 0";

END_COB;

COB extensional_rod_noForce SUBTYPE_OF extensional _rod;
RELATIONS
r6 : "<force> == 0";

END_CQOB;
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/* check to make sure correct */
COB torsional_rod SUBTYPE_OF slender_body;
’HC
description : "Assumes no distributed load (i.e., torque is uniform along the length)."
*/
theta_start, &theta;<sub>I</sub>: REAL;
theta_end, &theta;<sub>2</sub> : REAL;
twist, &phi; : REAL;
torque, T : REAL;
radius, r : REAL;
polar_moment_of_inertia, J : REAL;
material_model : one_D_linear_elastic_model_isothermal;
RELATIONS
rl : "<twist> == <theta_end> - <theta_start>";
r2 : "<material_model.shear_strain> == <twist> * <radius> / <undeformed_length>";
r3 : "<material_model.shear_stress> == <torque> * <radius> / <polar_moment_of_inertia>";
END_COB;

COB buckling_column SUBTYPE_OF slender_body;
}*
"Represents buckling behavior of linear elastic slender bodies. It has subtypes for common end conditions
with specific end factor values”;
A}
critical_force, P<sub>cr</sub> :REAL;
moment_of_inertia, [ : REAL;
effective_length_factor, K :REAL;
effective_length, L<sub>e</sub> :REAL;
material_model : one_D_linear_elastic_model_isothermal;
area : REAL; /*7_30_99%/
RELATIONS
rl : "<critical_force> == PI**2 * <moment_of_inertia>*(<material_model.youngs_modulus> /
(<effective_length_factor>*<undeformed_length>))";
12 : "<effective_length> == <effective_length_factor> * <undeformed_length>";

END_COB;
COB pinned_pinned_column SUBTYPE_OF buckling_column ;
RELATIONS
r3 ;" <effective_length_factor>==1.0";
END_COB;
COB fixed_pinned_column SUBTYPE_OF buckling_column ;
RELATIONS
r3 ;" <effective_length_factor>==0.7";
END_COBRB;
COB fixed_fixed_column SUBTYPE_OF buckling_column ;
RELATIONS
rd ;" <effective_length_factor>==0.5";
END_COB;

COB shear SUBTYPE_OF deformable_body;
END_COB;
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COB discrete_primitive SUBTYPE_OF analysis_body;
END_COB;

COB energy_storage_primitive SUBTYPE_OF discrete_primitive;
END_COB;

COB multiport_I SUBTYPE_OF energy_storage_primitive;
END_COB;

COB uniport_I SUBTYPE_OF multiport_I;
END_COB;

COB point_mass SUBTYPE_OF uniport_I;
END_COB;

COB muitiport_CC SUBTYPE_OF energy_storage_primitive;
END_COB;

COB uniport_C SUBTYPE_OF multiport_C;
END_COB:

/* note: ‘end’is a reserved word in express */
COB spring SUBTYPE_OF uniport_C;
undeformed_length, L<sub>0</sub> : REAL;
spring_constant, k : REAL;
start, x<sub>1</sub> : REAL;
end(, x<sub>2</sub> : REAL;
length, L : REAL;
total_elongation, &Delta;L. : REAL;
force, F : REAL;
RELATIONS
rl: "<length> == <end0> - <start>":
r2 : "<total_elongation> == <length> - <undeformed_length>";
13 : "<force> == <spring_constant> * <total_elongation>";
END_COB;

COB junction_structure SUBTYPE_OF discrete_primitive;
END_COB;

COB multiport_ R SUBTYPE_OF junction_structure;
END_COB;

COB uniport_R SUBTYPE_OF multiport_R;
END_COB;

COB zero_junction SUBTYPE_OF multiport_R;
END_COB;

COB one_junction SUBTYPE_OF multiport_R;
END_COB:;

COB rigid_connection SUBTYPE_OF one_junction;
END_COB;



COB uniport_R SUBTYPE_OF multiport_R;
END_COB;

COB frictional_contact SUBTYPE_OF uniport_R;
END_COB;

COB damper SUBTYPE_OF uniport_R;
END_COB;

COB specialized_analysis_body SUBTYPE_OF analysis_body;
END_COB;

COB analysis_variable SUBTYPE_OF analysis_primitive;
END_COB;

COB generalized_power_variable SUBTYPE_OF analysis_variable;
END_COB;

COB effort_variable SUBTYPE_OF generalized_power_variable;
END_COB;

COB force_variable SUBTYPE_OF effort_variable;
END_COB;

COB torque_variable SUBTYPE_OF effort_variable;
END_COB:

COB voltage_variable SUBTYPE_OF effort_variable;
END_COB;

COB temperature_variable SUBTYPE_OF effort_variable;
END_COB;

COB pressure_variable SUBTYPE_OF effort_variable;
END_COB,;

COB stress_variable SUBTYPE_OF effort_variable;
END_COB;

COB power_variable SUBTYPE_OF generalized_power_variable;
END_COB;

COB flow_variable SUBTYPE_OF generalized_power_variable;
END_COB;

COB linear_velocity_variable SUBTYPE_OF flow_variable;
END_COB;

COB angular_velocity_variable SUBTYPE_OF flow_variable;
END_COB;

COB current_variable SUBTYPE_OF flow_variable;
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END_COB;

COB heat_flow_rate_variable SUBTYPE_OF flow_variable;
END_COB;

COB volume_flow_rate_variable SUBTYPE_OF flow_variable;
END_COBE;

COB strain_rate_variable SUBTYPE_OF flow_variable;
END_COB;

COB generalized_energy_variable SUBTYPE_OF analysis_variable;
END_COB,

COB generalized_momentum_variable SUBTYPE_OF generalized_energy_variable;
END_COB;

COB lincar_momentum_variable SUBTYPE_OF generalized_momentum_variable;
END_COB;

COB angular_momentum_variable SUBTYPE_OF generalized_momentum_variable;
END_COB;

COB flux_linkage variable SUBTYPE_OF generalized_momentum_variable;
END_COB,;

COB pressure_impulse_variable SUBTYPE_OF generalized_momentum_variable;
END_COB,;

COB momentum_density_variable SUBTYPE_OF generalized_momentum_variable;
END_COB,;

COB energy_variable SUBTYPE_OF generalized_energy_variable;
END_COB;

COB q_type_energy_variable SUBTYPE_OF energy_variable;
END_COB;

COB translational_potential_energy_variable SUBTYPE_OF g_type_energy_variable;
END_COB;

COB p_type_energy_variable SUBTYPE_OF energy_vanable;
END_COB;

COB translational_kinetic_energy_variable SUBTYPE_OF p_type_energy_variable;
END_COB,;

COB generalized_displacement_variable SUBTYPE_OF generalized_energy_variable;
END_COB;

COB linear_displacement_variable SUBTYPE_OF generalized_displacement_variable;
END_COB;
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COB angular_displacement_variable SUBTYPE_OF generalized_displacement_variable;
END_COB;

COB change_variable SUBTYPE_OF generalized_displacement_variable;
END_COB;

COB heat_energy_variable SUBTYPE_OF generalized_displacement_variable;
END_COB;

COB volume_variable SUBTYPE_OF generalized_displacement_variable;
END_COB;

COB strain_variable SUBTYPE_OF generalized_displacement_variable;
END_COB;

COB definition_variable SUBTYPE_OF analysis_variable;
END_COB;

COB margin_of_safety SUBTYPE_OF definition_variable;
END_COB;

COB factor_of _safety SUBTYPE_OF definition_variable;
END_COB;

COB definition_model SUBTYPE_OF analysis_primitive;
END_COB;

COB margin_of _safety_model SUBTYPE_OF definition_model;
f‘*

description : "Represents safety by comparing a determined value vs. an allowable. Note this abb assumes
one wants determined < allowable."”

reference : "Shigley & Mitchell”
*/
/* variables */

allowable : REAL;

determined : REAL;

margin_of_safety, MS : REAL;
RELATIONS

rl: "<margin_of_safety> == <allowable>/<determined> - 1 ";
END_COB;

COB temperature_dependent_linear_elastic_model;
END_COB;
/* other abstract classes */

COB condition;
description: STRING;

/* various terms for similar concepts */
reaction : REAL;
load : REAL;

END_COB;
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COB environmental _condition;
description : STRING;
temperature : REAL;
reference_temperature : REAL;

END_COB;

COB cbam;

/* description */

/* references */

/* analysis context */
/* part_feature */
/* mode */

/* conditions */
/* objectives */

/* abb_subsystems */

/* RELATIONS */

/* associativity linkages */

END_COB;

END_SOURCE_SET;

END_SCHEMA;

p:
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APPENDIX D

APM SCHEMA FOR FLAP LINK (PRELIMINARY DESIGN)

SCHEMA flap_link_apm;

Copyright 1998 by Georgia Tech
Engineering Information Systems Lab
eislab.gatech.edu

Syntax: cob v2.1
Authors: Selcuk Cimtalay
SOURCE_SET flap_link_geometric_model ROOT_COB flap_link;

COB part;
[*part_number : STRING;*/
designer : STRING;
material : STRING;
END_COB;

COB flap_link SUBTYPE_OF part;
part_number : STRING;
| : REAL;
w : REAL;
t: REAL;
area :REAL;
volume : REAL;
weight : REAL;
inertia: REAL;
RELATIONS
PRODUCT_RELATIONS
prl : "<area> == <w>*<t>";
pr2 : "<volume> == <I>*<w>*<i>";
pr3 : "<weight> == <volume>*<material.density>",
pr3 : "<inertia> == ((<w>*<t>**3)/12.0)";

END_COB;
END_SOURCE_SET;
USE_FROM lib/materials.cos AS_SOURCE_SETS;

LINK_DEFINITIONS
flap_link_geometric_model.flap_link.material == materials.material.name;

END_LINK_DEFINITIONS;
END_SCHEMA;

See [Tamburini, 1999] or [Wilson, 2000] for detailed flap link APM.
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APPENDIX E

EOM, CBAM AND APM INSTANCE FORMS
Flap Link (Preliminary)
(1o2c1d case)

DATA;

INSTANCE_OF flap;
/* Eom Data*/
ol e
g2
obj: 7
area: 1.0;
cbaml: "huseyin";
cham?2: "huseyin";

cbam| .associated_condition.description : "flaps down" ;
cbaml .associated_condition.reaction : 10000.0 ;
cbaml.stress_mos_model.margin_of safety : 7 ;

END_INSTANCE;

END_DATA;

DATA;

/* Cbam Data */

INSTANCE_OF link_torsional_model;
link : "XYZ-510";

associated_condition.description : "2G dive" ;
associated_condition.reaction : 5000 ;
stress_mos_model.allowable : 7 ;
stress_mos_model.determined : 7 ;
stress_mos_model.margin_of_safety : 7 ;
twist_mos_model.allowable : 7 ;
twist_mos_model.determined : 7 ;
twist_mos_model.margin_of_safety : ?;

deformation_model.theta_start : 7;
deformation_model.theta_end : 7;
deformation_model.twist : ?;
deformation_model.torque : ?;
deformation_model.radius : ?:
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deformation_model.polar_moment_of_inertia: 7;

deformation_model.undeformed_length : ?7;
deformation_model.reference_temperature : 7;
deformation_model.temperature : 7;

deformation_model.material_model.youngs_modulus : ? ;
deformation_model.material_model.poissons_ratio : 7 ;
deformation_model.material_model.cte : 7 ;
deformation_model.material_model.strain : ? ;
deformation_model.material_model.shear_modulus : 7 ;
deformation_model.material_model.stress : ? ;
deformation_model.material_model.shear_stress : 7;
deformation_model.material_model.shear_strain : ? ;
deformation_model.material_model.thermal_strain : 7 ;
deformation_model.material_model.elastic_strain ; ? ;
deformation_model.material_model.temperature_change : 7 ;
deformation_model.material_model.name : 7 ;
deformation_model.material_model.yield_stress : ? ;

END_INSTANCE;

INSTANCE_OF link_extensional_model;
name : "huseyin”;  /* 032399 for optimization link */
link : "XYZ-510";

associated_condition.description : "flaps down"
associated_condition.reaction : 10000 ;
stress_mos_model.allowable : 7 ;
stress_mos_model.determined : 7 ;
stress_mos_model.margin_of_safety : 7 ;
deformation_model.start : ?;

deformation_model.end : 7;

deformation_model.length : 7;
deformation_model.total_elongation : ?;
deformation_model.force : ?;

deformation_model.area : ?;
deformation_model.undeformed_length : 7,
deformation_model.reference_temperature : 7;
deformation_model.temperature : 7;
deformation_model.material_model.youngs_modulus : 7 ;
deformation_model.material_model.poissons_ratio : ? ;
deformation_model.material_model.cte : 7 ;
deformation_model.material_model.strain : 7 ;
deformation_model.material_model.shear_modulus : 7 ;
deformation_model.material_model.stress : 7 ;
deformation_model.material_model.shear_stress : 7 ;
deformation_model.material_model.shear_strain : 7 ;
deformation_model.material_model.thermal_strain : 7 ;
deformation_model. material_model.elastic_strain : ? ;
deformation_model. material_model.temperature_change : 7 ;
deformation_model.material_model.name : ? ;
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deformation_model.material_model.yield_stress : 7 ;
END_INSTANCE,;

INSTANCE_OF link_buckling_model;
name : "huseyin"; /¥ 032399 for optimization link */
link : "XYZ-510";
associated_condition.description : "flaps down" ;
associated_condition.reaction ;: 10000 ;
buckling_mos_model.allowable : 7 ;
buckling_mos_model.determined : ? ;
buckling_mos_model.margin_of_safety : 7 ;
deformation_model.critical_force : 7;
deformation_model.effective_length_factor : ?;
deformation_model.effective_length : 7;
deformation_model,moment_of_inertia: 7;
deformation_model.area: ?;
deformation_model.material_model.youngs_modulus : 7 ;
deformation_model.material_model.poissons_ratio : 7 ;
deformation_model.material_maodel.cte : ? ;
deformation_model.material_model strain : 7 ;
deformation_model.material_model shear_modulus : ? ;
deformation_model.material_model.stress ; ? ;
deformation_model.material_model.shear_stress : 7 ;
deformation_model.material_model.shear_strain : ? ;
deformation_model. material _model.thermal_strain : 7 ;
deformation_model.material_model.elastic_strain : 7 ;

deformation_rmodel. material_model.name : ? ;
deformation_model.material_model.yield_stress : ? ;

END_INSTANCE;

END_DATA;

DATA;
/¥ Apm Data */

INSTANCE_OF flap_link;
part_number : "XYZ-510" ;
designer : "J. Smith" ;
material : "steel" ;

ol 70

w:1.0;

g

volume : 7;

weight : 75

area: 7,

inertia: 7;
END_INSTANCE;
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