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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 is 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 
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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. 
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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, CONMESf 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. 
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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 
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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. 

Component 

Idealized 
Component 

/ 

Multi-fidelity 
Idealizations 

\ 

Multifidelitv 
Optimization Problem 

Analysis 

l i i s l i i s l i i s 
Prismatic Truss Prismatic Truss 

1 D 
Tension 
Analysis 

\ 

Optimization 1 

Min Weight 

Constraint 1: axial stress 

Design Variables; h, w 

Optimization 2 
Min Weight 

Constraint: axial stress 
Design Variables;mat, h, 

2D J< 
Tension f 
Analysis 

\ 

Optimization 3 
Min Weight 
Constraint :Max stress 

Design Variables;tw, wl 

Optimization 4 
Min Weight 
Constraint -.Max stress 

Design Variables;tw,tf, wi 

Figure 1-1 Enhancement of Analysis- Optimization Integration 

1.2.1 Multifidelity 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 
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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. 
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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 Background: 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 

Loading 
Analysis Response 

• — • 

Design Optimization 
Response 
Loading 

Function of Design Variables 

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 
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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]. 

New {t,S,L,V,H} 

Heat Sink 

i 
M\A\A\A\/ 

+t 
<tWWW\ 

V_Z 

Heat Transfer Rate: 

Fin resistance: 

1 
R = 

1 / R , + 1 / R „ wncrc 

Fin efficiency: ' * JW'kArtanh(mH) 

Linh(mH) 
n = mH 

Min R=R(t, S, L,V,H) 
Subject to: 

tanh(mH) 
77 = \ T ' > 0.75 

mH 

2k 
->1 

Design Heat Transfer Analysis Design Optimization 

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 
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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 

ht(x,p) = 0 i=l, ,„k 

gi(x,p)<0 i=n+l, ,1 

Side constraints 

Lower and upper bounds on the system 

*iow ^* ^xuP j = l , ,n 

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 

is 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 D R E A M S (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 

12 

http://fmadwww.larc.nasa.gov/mdob/


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 is 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 (IIO) 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 to 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 ABB^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 
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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 PM^ABB) 

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 (ABB^SMM and PM^ABB)- 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 
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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 PBAMs 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 PWA/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 [Peaketal., 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 is 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. 

• Lack of an optimization modeling representation that capture multifidelity 

optimization capability 
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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. 

Analysis Models 
i.e. Formula FE-based 

Al |A2 ~| 1 An 

X 

Product Data 

^•Enhancement ? 
Optimization Methods 

Selection? c 

i.e. Feasible-Direction Method 

i.e. DOT program 

Optimization tools 

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 (Al), 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. 

PRODUCT MODEL 
PWA 

Objective: _ • OPTIMIZATION 
Max; mze Fatigue Lrfe(shear strain} 

2e' 
Constraints: l * / ) 

areamiB 5 areaiaU,r $ area^ 

Design variables: 
material^—: 

Amir. ~ g ^ km 

total height, h s< 

Solder 
Joinl 

Component 
base: Alumina 

A, ( 3»°gU ) /-

1& 
^ z 

PWB material 

ANALYSIS 

% 

4 

Plane Strain Bodies System 

body 

body 4 body f 

plane strain body J = I.. 
body j geometry . 

material -t E.v .a ) 

Optimization Model Entities Product Model Entities 

Optimization Problem 1 

Objective: 
Maximize Fatigue Life * ^ 

r.nngtraint.s- ^ ^ l 
Solder Area 
Shear strain < Shear Yield Stre$ 

Q 2 
Design variables: 

hmin <Solder heighttama 
Pwb material. < . 

x ^ 1 

Deformation Problem 1 

ref. temperature: 2§C 
steady state temp.: 125 

strain range: (?) 
PWB 1 

components: [ 
(Substrate < 

•^ geometry: ...) 
^ r n a t e r i a l ^ B l . 

Resis%a1rPnumber. 99120 
value: 4#+A 5% 
wattage: 1/8W 
price: $0,007 
components: [ 

(Substrate 
materialAlumina*] 
geometry: ...) 

(Barrier Layer 
material: Nickel 
geometry:...) 

total length: 0.220 #010" ^ • 
total width: 0.070 -0.006" / | |—J 
total thickness: 0.020 ^ )04 1 * - H 

Solder 

Analytical System Entities 

q., Interconnected Rods System 1 
ref. temperature: 

- & 

- & 
Body 2: Rod 

Body 1: Rod 
if length: (total length) nominal. 

"*"*" area: (total width * total 
thickness) nominal. 

stresstrain model: (substrate 
material) as HIH material. 

flm> 

- *+»• temperature: (steady state temp.) 

" X 4 Body 3: Shear Body 
" ^ ^ shear strain: (TBD) 

Figure 3-2 Associtivity among Optimization, Analysis and Design Models 

28 



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 Al) 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 (OpU) to 

another (Optj) 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 (At) to another (Aj) 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. Ideally an algorithm can automatically choose an 

optimization solution tool (Ti) 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 ID 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. 

PTH Analysis Heat Sink Analysis 

Solder Joint Fatigue Analysis 

Warpage Analysis 

' Plated Thru Hole 

Soldered Component on a PWB with Heat Sink 

Figure 3-4 A Disciplinary Design Example 
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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 

• 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. 

• 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. 

• 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. 

• Thesis Objective 3: Provide the explicit representation of data 

integration knowledge 

35 



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. 

• 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 is the merit function to be maximized or minimized, 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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• 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. 

• 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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• 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. 

• 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): 

CBAMs 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. 

EOM (Enhanced Optimization Model 
(CBAM)s Context-Based Analysis Model 

Part 

Opt Model 

Design Variables 
Objects 

Design Variables 

Objectives 

Constraints 

MS>0 

\ 

Part Feature Analysis subsystems" 

Associativity 
Linkages 

Optimization Engine 

Optimization 
Methods 

(OMs) 

Solution Tools 
(STs ) 

Analysis 

APM Entities 

Boundary Condition 

flMfi 

Analysis 
Building Block 

(ABB$ 

Conditions & 
Next-Higher 

CBAMs 

Solution 
Method Model 

(SMM$ 

Mode 

Response 

MS < 
allowable 
actual 

\L x.&sfe XJ 

Figure 4-2 Entities of Optimization, Analysis and Design in EOM 
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4.2 Enhanced Optimization Model (EOM) Information Structure 

This section formally introduces the main component of the Enhanced Optimization 

Model (EOM) representation based on constrained object technology [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) 

EOM. 
Information1 

OM Schema \ M o d e l 
EOM Attributes 
EOM Relations 

dfb 
Section 4.2.1 EOM Representation Information Model 

Graphical 
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Initialize design variable vector 
Load EOM DefinWons(EOM,CBAM,APM) 
Load Source sets Data 
EOM Data FadNtatton 
;it ve EOM changes 

. Herate from COB Analyzer -OSMM 

Section 4.2.2 EOM Definition Languages Section 4.2.3 EOM Protocol 

Figure 4-3 Main Components of EOM Representation 

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

architecture (construes) 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. 

EOM Lexical Forms 
(EOM Schema & Data) 

EOM eom 1 

END_EOM 

Constraint Schematic 
O E> O 
O— 

o-r—o ESuo 
U £ ^ 

o o c 
o_c 

Object Relationship Diagram 

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 
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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 attributes 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 (aid), 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_optimization 1" 

EOM Attributes: 

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

attributes of engineering optimization. 

o. 
Opt model 

I 
objective 

Q-

constraint 

EOM Attributel 

t-l 
CBAM model APM model 

1 
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) 

I 
EOM Relations( er) 

I 
Associativity 
Relations (aid) 

Associativity 
Relations (ala) 

1 Associativity 
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 (aid) 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 (aid) 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 (aid) where it relates analysis 

information to optimization information. They are described as associativity relations 

that, respectively, transform 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 (aid), 

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, aids, 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: 

eoni; = ( name , {{ objj ... , objk}, {gi ... , gi], { x} , x2, ... , xm } , {cbam[ , cbam'2,.. , 

cbam[ }, apm{ }}, {{ alaJ}.... ,alap},{aldi, •••, aldr},},{aloi, ..., alos},{{erj, , 

erw}) 

Where: 

eonij : is a specific EOM for optimization model i; 

name is the name of the eom; 

attributes 

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

{ gi gi) is the list of constraint attributes of the EOM; 

{ X], x2, , xm) is the list of design variable attributes of the EOM; 

{ cbam\ , cbam 2 ,.., cbamn } is the list of analysis categorization attributes of the EOM 

at fidelity level t; 

apm[ is the product categorization attribute of product, p at design stage k; 

relations 

alap is the p^ relation for associativity linkages between optimization and analysis 

attributes; 

aldr is the r relation for associativity linkages between optimization and design 

attributes; 

alos is the ŝ 1 relation for associativity linkages between optimization attributes; 

erw is the w^ enhanced optimization relation ; 
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Properties: 

name G S', 

objk G EOM or C05;; # G £OM or CO^;; xm G EOM or CO^;; 

ckm^ G £ 0 M or COB; apm G EOM or COB; 

Individual EOMs are grouped to form the Set of EOMs of a product p (EOM(p)) as 

follows: 

EOM(p) = {eom(jP), eom(
2
p) , ... , eom(

n
p) } 

There may be more than one eom(
n
p) 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. 

Each eonijP) could support a combination of different sets of analyses (cbams) with 

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

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

its product data representation with apm(,p) at design stage 1 or more information 

intensive product data representation apm^ at design stage 2 and with its analysis 

objects, cbaml and cbam2. The first group of cbami's are to support extensional 

analyses, and the second group cbam2'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. 

60 



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: 

cobj= ( object_name , { as+\ , a-i, ... , an } , { rv+\ , r>i, ... , rm }, supertype _object) 

Where: 

cob\: is a specific Constraint Object; 

object_name is the name of the object; 

{ as+i , a2 , ... , o„ } is the ordered list of local attributes of coM; 

s is the number of all attributes (local and inherited) of supertype_object; 

{ rP+i , r2, ... , rm } is the ordered list of local Relations of cobt\ 

rk is the k^ relation of cobc, 

p is the number of all relations (local and inherited) of supertype_object\ 

supertype_object is the parent object of cobc,. 

Properties: 

object_name E S, where § represents the set of strings; 

tfj E 3\, where 3K is the set of Attributes; 

rk E %, where % is the set of EOM Relations; 

supertype_object E 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{ 

as+\ , a2 , ... , an } are called local attributes, whereas { a\ , a2 , ... , as } are called 

inherited attributes. Similarly, relations { rP+i , r2 , ••• , rm } are called local 

relations, whereas { V\ , r2 , ... , rv } 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 - Information template in lexical form for optimization 

domain 
- Defined by constraint objects( EXPRESS like 

information modeling language) 
EOM Instance - Defined by constraint object instances 

- Instances of structure defined in the EOM 

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 

Categorized_object 

X 

categories 

i 
subcategories 

Object_category 

COB 

h 
COB_attribute 

-or 

1 
variables 

COB„relation 

~Q 

F 
STRING 

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; 

ENDJENTITY; 

ENTITY object_category; 
name : STRING; 
subcategories : LIST OF [0, ?] 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, cobjittribute, cobjrelation, 

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 ((' FIRSTJLEVEL_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> ==(<ol>+<o2>)/2',' This is an 
optional comment for erl'); 

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

# 1010 = OBJECT_CATEGORY (' OPTMIZATION_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, aid, 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). 

ENTITY cobjype; 
name: STRING; 

description: STRING; 
variable_Categories: LIST OF [0, 'A)ariable_Category; 

relation_Categories: LIST OF |0. ,a]elation_Calegory; 
END_ENTITY; 

ENTITYvariable_category; 
name: STRING; 

description: STRING; 

END_ENTTTY; 

ENTITY relation_category; 

name: STRING; 
description: STIRNG; 

1 I 1 
OMEP optimization! CBAM analysis 1 

APM parti 
VARIABLES VARIABLES VARIABLES 
APM parti 
VARIABLES 

DESCRIPTION PART FEATURE PRODUCT ATTRIBUTE 
OPTIMIZATION CONTEXT MODE IDEALIZED ATTRIBUTE 

PART FEATURE; 
OBJECTIVES 
CONSTRAINTS 

RESPONSE 
ANALYSIS_SUBSYSTEM 

RELATION 
PRODUCT REALTION 
PRODUCT IDEALIZATION RELATIOI 

DESIGN VARIABLES RELATIONS END APM 
CBAMS 

RELATION 
OPTIMIZATION RELATIONS ASSOCIATIVITY_LINKAGE 

ASSOCIATIVITY LINKAGE 
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 Part21 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, ol, o2 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 eoml SUBTYPEjOF optimization jmodel; 
DESCRIPTION 

"Represents minimization and/or maximization of merits with respect to design or analysis entities" 
OPTIMIZA TION-MODEL 
OBJECTIVES 

minimize 
ol: REAL; 
o2:REAL; 
objective: REAL; 

maximize 
Null 

CONSTRAINTS 
equality _constraints( = 0) 

Null 
inequality jconstraints( < 0) 
gl: REAL; 
g2: REAL; 

DESIGN VARIABLES 
xl.REAL; 
x2:REAL; 
x3;REAL; 

ANALYSIS MODELS 
cbamlb : cbams.linkjplane_stressjnodel.name;; 
cbam2a : cbams. linkjbucklingjnodel. name; 

DESIGN MODELS 
apmla; link.name; 

RELATIONS 
OPTIMIZA TIONjRELA TIONS 
erl : <objective> ==(<ol> + <o2>)/2"; 

ASSOCIATIVITY_LINKAGE OPTIMIZATION ^ANALYSIS 
alal : "<ml> == (1.0/(<cbamlb.sxjnos_model.rnargin_ofjsafety> + 1.0))-1"; 
alal: "<m2> ==(1.0/(<cbam2a.bxjnosjnodel.margin_of__safety> +L0))-1"; 
ASSOCIA TIVITYjLINKAGEjOPTIMIZA TIONjDESIGN 
aid : "<objl> —= (<area>*<cbam2aAink.effective_[ength>)*<cbam2a.link.material.density>"; 
ASSOCIA TIVITYjLINKAGEjOPTIMIZA TION jOPTIMIZA TION 
alol: "<gl> == <mJ>; 
alo2: "<gl> == <m2>; 
ENDjEOM; 

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 COL This is one 

instance of eoml data file based on the structure defined in Figure 4-10. It shows all 
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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*/ 

<ml> == ?; 

<m2> = = ?; 
/* OBJECTIVES*/ 

minimize 
ol: ?; 
o2:?; 

objective: ?; 
maximize 

Null 
/* CONSTRAINTS*/ 

euquality_constraints( = 0) */ 
Null 

ineuquality_constraints( < 0) */ 

gi: ?; 
g2: ?; 

/* DESIGN VARIABLES*/ 
xl: 1.0; 
x2:1.5; 
x3 :5.0; 

/*ANALYSIS MODELS */ 
cbamlb : "analysis 1 _developed"; 
cbamla : ''analysis!preliminary''; 

/*DESIGN MODELS*/ 
apmla;" pm_product_x"; 

ENDJNSTANCE 
END _DAT A; 

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, EDEF1X [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 attributes 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 objects (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 
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value of/depends on option category 1 in Figure 4-12, where f=s.d for option 1.1, 

while/= 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 ) 

variable a subvariable a.d y ^ 

O^ o 
relation rl(a,b,s.c) 

r1 
O-

p f l * C 

D c dQ 

subsystem s 
of cob type h 

subvariable s.b 

option category 1 

r2 

o-
e=b-c - O 

option 1.1 
,i [1.H'/» s.d 

k}—S^-——o e=f [1.2] / = g 
equality relation option 1.2 

L[j:i,n] aggregate c.w 

O -•O J element Wj 

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 turn 

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 ob o2, ...., on. Similarly, 

constraint attributes are named as g,, g2, , gn, where as design_variable attributes are 

named as xb x2). , xn. 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 p0 at any 

particular design stage k. The product has a number of product attributes (pj and 

subattributes of p2 in EOMy in Figure 4-13). APM1 decomposes these attributes into 

their subattributes (j?3, p4, p5 in APM7) 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. CBAM1 

decomposes analytical attributes (#7 through a]0 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 a7 and o2. An alo is contained in the product model as a6 is linked 01, where as 

a6 is related to p5 via the part-of relationship. 
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Similarly, optimization-design transformations (aids) 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., er7 in EOM;). 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 ml l,....,ml7. 

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 

specialized 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 a2 and special object attribute 

spobj.m]5. Similiarly, EOM-specific aid exist directly between p4 and special object 

attribute spobj.mI6. Finally, EOM-specific alo exist directly between s} and special 

object attribute spobj.m12-

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. 
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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 mode] 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 issues 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 into 

their domains and the utilization 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 (GUI'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 b l in cob B can be obtained by 

sending get value (bl) to cob B, get value (a3.bl) to root cob A, or get value( j to bl , the 

primitive itself. 
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Figure 4-16 Extended Constraint Network Diagram Example 
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-solution relations that set forth in E O M 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, set 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 generation 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. 
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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 



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 transferred 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. 

objectivei+] - objective^ 

objective. 
<£, or * w - * i 

X; 
<e2 

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 (Mathematical and Analysis Programs (ANSYS Finite Element 
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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 is 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 - GUI 

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_materi al. 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. 
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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 
"CONTINUOUS" method 
If all discrete method 
" DISCRETE" 
if between them 
"MIXJNTEGER method." 
*/ 
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[] objective,String[] constraint,String[] desvar) 
{System.out.println("INITIAL TRANSFORM TO OPT"); 

String outputFileName = "INITIALOptOSMM.txt"; 

/*B- (OPTIMIZATION TOOLS CONTROL PARAMETERS)*/ 

public void Transfer(String[] epsilon, String!] max_iter_no , Stringf] ) 

/* 
-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 OptimizerlO; 

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\\v0.3\\optimization3-cob-improve\\bolinkgenerall.exe"); 

System.out.println("Mixed"); 

} 
if(gg.equa]sCd")) 
{ 

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 reseaich 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 

101 



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 evaluate the 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 

\ 

Optimizer: 
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. 

BolinkGeneral 1 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 BolinkGeneral 1 

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. 

'3 D:\XaiTools\v0.3Voptimrzalion3-cob-impfove\farexe 

File "InOpt.txt" Exist:DONE 
Datrenin nn 
Datren in des ign 
Datreninobj=cont 
INFO FROM ANALYZER TRANSFORMED TO OPTIMIZER 
file inOpt-txt rcust have been deleted T 
SIL 

JAUADAN GELEN DATA 
obj= -4.828009808000800 

1x O - 5.808808800000000E-002 
lg<>= -7.222008008808880E-001 
2xO = 0.0808008B0888888E+B00 
2g<> = -9.928080808888000E-801 

gl and g2 -7.222080080800000E-001 -9.928000888000800E-081 
subroutinden dogru niu geldi 

FORTRANIN ICINDE HESAP 
x<l>= 5.008080008808088E-082 
obj= 0.0B8080E+88 
gl and g2 Infinity Infinity 

5.800880808000B00E-082 
1 18 5.888880800008800E-002 I 

INFO FROM Optimizer Uriteen TO OutOpt.txt 
////////////////////////////////// 
'atreden once x<l>= 5.08880808888008&E-002xC2>- 0-088888880880088E+888 

mm 

Figure 5-5 Execution of Optimizer for Fatigue Life Optimization 

105 

file://D:/XaiTools/v0.3Voptimrzalion3-cob-impfove/farexe


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 cbaml 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. 

m 
File 

OaiTools - Optimization Constrained Object Browsei \^mmi 
Schema instances UtHies Help 

flap ( 
g1 =-0.722222222222 
g2 = -0.992872578805 
obj= 4.828 
area = 1 
cbaml = link_extensional._model ( 

name = "huseyin" 
l ink=truss_l ink( 

part_numb8r= "XV2-51 0" 
designer = "J. Smith" 
m a t e r i a l material ( 

name = "steel" 
density^ 0.284 
yield_.stress = 36,000 
stress_strain_model = material jevels ( 

linear_elastic= linear_elastic_model ( 
youngs_modulus= 29,000,000 
poissons_ratio = 0.3 
cte = 0.00001 
shear jnodulus = 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" 

m 

• 

. 

,,,. 

Solye AH Solve Unlinked, OPTIMIZE 

Figure 5-6 EOM Browser 

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

in each iteration of the optimization process. 
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EOM Grapher: 

Although XaiTools supports integration with representative design tools: geometric CAD 

(CATIA), libraries (materials, fasteners) [Tamburini 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. 

FsoreAjj}| 3oive Untirkea | 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. 

gaps Jest case 

addressed 
Flap_Link 

% 

ft *' \ 

10-Bar Truss Solder Joint 

Optimization 
Integration 

Enhancement 

Method & Tool 
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 (ID 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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(Chapter 4) 

EOM Implementation 
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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 rectangle and a detailed cross-section of the solder joint were used to calculate fatigue 

life. Again, o Dtimization 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 (sleeve 1 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. 

Figure- 6-3 Flap Link Engineering Drawing (CATIA)[Chandeskar, 1999] 
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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. 

sleeve 1 sleeve 

w. 

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 
& = A K ^ A ) < 0 Normalized Stress Constraint 

g2=NGUcknn£A)<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/;, the minimization of the weight of a prismatic link (See 

Figure 6-5), is subject to structural constraints gj and g2 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 Lexical Forms: 

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

EOM flapjoptimization SUBTYPEjOF link_optimization_model; 
DESCRIPTION 

"Represents minimization of weight offlapjink 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 = 0 
Null 
ineuquality^constraints < 0 

gl: REAL; /^STRESS CONSTRAINT*/ 
g2: REAL; /^BUCKLING CONSTRAINT*/ 

DESIGN VARAIABLES 
area:bound_continuous; 

ANALYSIS MODELS 
cbamla : cbamsMnkjixiemionaljnodel; /^STRESS ANALYSIS ID FORMULA*/ 
cbam2 : cbams.link_bucklingjnodel; /^BUCKLING ANALYSIS FORMULA V 

RELATIONS 
ASSOCIATIVITY_LINKAGE_CBAM 
alal : "<area> = = <cbam2.deformation_modeiarea>"; 
ala2 : "<gl> == (1.0/(<cbamlb.sx_inos_modeLmargin_of_safety> + 1.0))-J"; 
ala3 : "<g2> ==(1.0/(<cbam2.buckling_mos_model.margin_of_safety> +1.0))-1"; 
ASSOCIATIVITY_LINKAGE_PM 
aldl:"<objl> = = 
(<area>*<cbam2Jink.effective_length>)*<cbam2.link.material.density>"; 
END_EOM; 

The EOM flap__link_optimization model has two analysis attributes named cbamlb and 

cbam2. Cbamlb has a link to cbams.link_extensional_model object. Cbam2 has a link to 

cbams.link_buckling_model. Below, only cbams.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_biickling_model; it is not shown here (see Appendix). 

CBAM Analysis Models: 

CBAM Hnk_extensional_modei SUBTYPEjOF linkjxnaly sis jmodel; 
DESCRIPTION 'Represents ID formula-based extensional model. "; 
ANALYSIS_CONTEXT 

PARTJFEATURE 
link: flap_linkjpreliminary; 

BOUNDARY„CONDITION_OBJECTS 
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associatedjzondition : condition; 
MODE 
"tension"; 

OBJECTIVES 
stress jnosjnodel: marginjjfjsafetyjnodel; 

ANALYSIS_SUBSYSTEMS 
deformationjmodel: extensionaljrod_isothermal; 

RELATIONS 
ASSOCIATIVITY_LINKAGE 
all : "<deformation jmodel.undeformedj\ength> == <link.effective_length>"; 
al2 : "<deformation_model.area> === <link.shaft.critical_cross_section.basic.area>"; 
al3 : " <deformation jnodel.material jmodel.youngs jnodulus> = = 

<link.material. stress_strainjnodel.linear_elastic.youngs jmodulus>"; 
al4 : "<deforrnation_model.materialjmodel.name> == <link.material.name>"; 
al5 : "<deformationjmodel.force> —- <associatedjoondition.reaction>"; 
al6: "<stressjnosjnodel.allowable> == <link.material.yieldjstress>"; 

al7: "<stressjnos_model.determined> = = <deformationjnodel. materialjnodel.stress> "; 
ENDjCBAM; 

The EOM f!ap_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 flapJinkjpreliminary SUBTYPEjOF part; 
sleevel : sleeve; 
sleeve2 : sleeve; 
shaft: prismaticjshaft 

ENDjAPM 

APM prismatic jshaft; 
ESSENTIAL ATTRIBUTES 

I: REAL; 
w: REAL; 
t: REAL; 
area .REAL; 
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volume : REAL; 
weight: REAL; 
IDEALIZED 
effective_length: REAL; 

RELATIONS 
PRODUCTJRELATIONS 
prl : "<area> == <w>*</>"; 
prl : "<volume> == <l>*<w>*<t>"; 
pr3 : "<weight> == <volume>*<material.density>"; 

IDEALIZED_RELATIONS 
prl : "<effective_lenth> == i.J*</>"; 

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" [ISO-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. 
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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 flapJink_apm; 

SOURCE_SET flap Jink_geometric_model ROOT_COB flap Jink; 

USE_FROM lib/apm.cos; 

COBflapJink SUBTYPEjOFpart; 
part_number: STRING; 
inter_axis_length, L<sub>a</sub> : REAL; 
IDEALIZED effective Jength, L<sub>eff</sub> : REAL; 
sleevel : sleeve; 
sleeve! : sleeve; 
shaft: taperedjbeam; 
rib I : rib; 
rib2 : rib; 
allowable jtwist: REAL; 
allowable_twist_factor : REAL; 
allowable Jnter_axis Jength _changeJactor, C<sub> &phi; </sub> : REAL; 
allowable Jnter_axis Jength _change , C<sub>&Delta;La</sub> : REAL; 

RELATIONS 
PRODUCT_RELATIONS 
prl : "<sleeveI.origin.y> == <origin.y>"; 
pr2 : "<sleeve2.origin.y> ~~- <sleevel.origin.y> + <inter_axis_length>"; 
pr3:"<ribl.height>= (<sleevel.width> -

<shaft.critical_cross_section.design.web_thickness>)/2"; 
pr4 : "<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>"; 
pir4 : "<allowable_inter_axis_length_change> = = 

<allowable_inter_axis_length_changeJractor> * <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. 

123 



Optimization-Optimization Transformation(aid) 
- semantic transformations 
- optimization method related transformation 

eom objectivJminimize weight 

t>t—o- fftt. 
"U cbamextension 

Optimization-Product Transformation falo) 
- geometric transformations 
- material transformations 

Enhanced Optimization Model (EOM/ 

nontex t RasPri Analysis Mortal fHRAIWn 

UtepHmj Analyzabl^iagd^l^gel (APM 

constraint 
streUconstiaint shait tensio 

condition: iinkagi 
[ flg^s dowireactio 

se; tress 

aid? 

|—*Q weight 

L^rnRfi nnntinftQi 
I ^^materiaL^near elastic modalyoungs5 

yield stres&J o 

modulus, 

deformation model 

'U 

3A 

Extensional Roo] 
(isothermal) _ 

EOMRelations(r) 
- mathematical operations 
- black-box transformations 

Optin ization-Analysis Transformations(ala) 
- response transformations 
- boundary conditions transformations 
-analysis parameters transformations 

•L 

LQ 

aC 
E O 

Figure 6- 9 Relations and Associativity for Flap Link for eoml 

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. 

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

blue color in Figure 6-9. Similarly, the flap Jink ^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 rl and linked to the objective 

attribute of eom. 
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objective[1] 
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-o 

„-0 
weight, w 

length 

o— 

erl 

y^cross section — area, 4 

• — o — — — > o — 
material density,^ 

L - * o — - o — — 
Figure 6-10 EOM Constraint Object Relation, erl 

The optimization-design transformation (aid) 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 
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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:oem.objective[l]== 
apmJink.crosssection.area*apm.link.length*apmJink.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.actua]==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 

f Normalized 
Constraint 

allowable Q 
constraint_stress 

o— 

7 
3 actual 

(< case) 

actual 1 

allowable 

yield_stress, Oy 

— o 

T 
stress,® 

O 

sald7 
alol alal 

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 (spobl) of the 

normalized constraint is defined in lexical form below. 

spobl: nonmalized_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.materiaI.Iinear_elastic_model.yield_stre 

ss 
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Finally, an optimization-optimizations transformation (alol) 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[l] 

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 (ID, 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. 

Cbamla: ID 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, ey total elongation, AL, and these loads is given by the 

following equations. 

F 
O — — Equation 6-1 

A 

AL 
£ = Equation 6-2 

O = E £ Equation 6-3 

£ = — Equation 6-4 
E 

AL — L-Lo Equation 6-5 

Where o is the normal stress, A is the cross sectional area, £ is the elastic strain due to 

force (F), L0 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 r l , r2, and r3 

respectively. The assumption is that One D Linear Elastic Mode I where there is no shear 

and no temperature change [Wilson, 2000]. 
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CBAM slender_body SUBTYPE_OF deformable_body 
undef ormed_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 

"Represents ID formula-based extensional model."; 
ANALYSIS_CONTEXT 

PART_FEATURE 
link : flap_link 

BOUNDARY_CONDITION_OBJECTS 
associated__condition : condition; 

MODE 
"tension"; 

OBJECTIVES 
stress_mos._model : margin__of_saf ety_model; 

ANALYSIS_SUBSYSTEMS 
deformation.jnodel : extensional_rod_isothermal; 

RELATIONS 
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>"; 

al4 : "<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> == <def ormation_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. 

Higher fidelity version 
vs. Linkage Extensional Model 

Plane Stress Bodies 

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 
tsl: REAL 
rsl: REAL 
ws2: REAL 
ts2 : REAL 
rs2: REAL 
tw 

/* width at sleevel */ 
/* thickness at sleevel */ 
/* radius Of sleevel (rsl<rs2) */ 
/* widthth at sleeve2 */ 
/* thickness of sleeve2 */ 
/* radius of sleeve2 *•/ 

: 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> == CobExternalToolFunction[ansys,flaplink,ux, 
(<ex>,<nuxy>,<1>,<wsl>,<ws2>,<rsl>,<rs2>,<tsl>, 
<ts2>,<tw>,<tf>,<wf>,<force>}]" ONEWAY; 

r2: "<sx> = = CobExternalToolFunction[ansys,flaplink,sx, 
{<ex>,<nuxy>,<1>,<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. 

cbam 2: Buckling Analysis 

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

loading, is shown in Figure 6-20. 
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0. 

_* ?%^ 

Figure 6-20 Buckling Rod Model 

Assuming linearly elastic material behavior, the following equations describe the 

Buckling Rod behavior. 

/ = wt 
12 

L. = K.L 

/L = n
lEl 

Equation 6-6 

Equation 6-7 

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. Le is the effective length based on boundary condition. K 

is the boundary coefficient factor. Pcr 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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deformation model 

[ Slender Rod 
(Buckling) 

PL 

p; P<\ 
p£ 

1 cr 

DA: iA 

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 

rl, r2, and r3 respectively. 
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6.1.3.4 EOM Usage ofCBAMs andAPMs 

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 cbam la (ID 

Normal_Stress_Analysis) and cbam lb (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 cbam2. 

Figure 6-22 shows that eom utilizes cbam la and cbam2 for different behavior. 

Design Objects 
flapjink 

o D 

b 

o 

Optimization Objects 
System : 

flapjink 

Objectives 
weight 

Constraints 

onstraint_extenston_ M 

constraint_buckling_M! 

b-
Design variables 

o^ 

Analysis Objects 
(la) Analysis Probiemfor 1D Extension Analysis 

flapjink r — c ^ 1 — ^ _ A . . 

1 

££} Analysis Problem lor i D B u c k i h l 9 Analysis 

flap_ link 

Uo^^d"*" —v"*--"•' • 

=&-
Modular, Integrated, Active, Multidirectional, 

Reusable, User-Definable 

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

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: ID 

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*-fe 
E, A £,o 

AL 

EXTENSIONAL STRESS MODEL 

ENHANCEMENT 

OPTIMIZATION MODEL CLASS BASED ON EXTENSIONAL STRESS MODEL 

Optimization Objectl Optimization Object2 Optimization Object3 Optimization Object 

I 

PLANE STRAIN MODEL 

M in Weight 

subject to 
Stress 
Design variables 
Area 

Min Weight 
subject to 
Stress 

Design variables 
Area, Material 

Min Weight 

subject to 
Stress 
Buckling 
Design variables 
Area 

Mia Weight 

subject to 
Stress 
Buckling 
Design variables] 
Area, Material 

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

Optimization Object 5 Optimization Object 6 Optimization Object n 

Min Weight 

subject to 
Stress 
Design variables 
tf.tw 

Min Weight 

subject to 

Stress 
Design variables 
tf; rw, wf, I 

Min Weight 

subjecfcto 

g(xX0 
h(x);=0 

X 

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 cbaml a and apmla. 

6.1.4.1 Enhanced Optimisation 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 pieces of design and analysis objects 

into eom representation. 

OPTIMIZATION MODEL I 

Minimize 
A=PLA Weight 

Subject to 

8l=M5nJA** Normal Stress Margin of Safety 

Design variables 

X={A} 

OPTIMIZATION MODEL il 
Minimize 

f=fLA Weight 
Subject to 

g,=Af$,jwao 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. 

MATERIAL 

SPECIFIC 
WEIGHT 

SPE 

YOUNG 
MODULUS OF 
ELASTICITY 

E 

MAX 
ALLOWABLE 
YIELD STRESS 

SIGMA 

STRUCTURE STEEL 
ASTM -A-36 0.284 29000 36000 

STAINLESS STEEL 
ANNEALED 

AISI302 
0.284 28000 38000 

ALUMINUM 
ALLOY 
2014-T6 

0.103 10600 60000 1 

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 eoml 

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 eom.2 

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 I. It shows the enhancement of constraints. Engineering Optimization Model IV 

extends Model III 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. 

OPTIMIZATION MODEL II! 
Mriimize 

f=fLA Weight 
Subject to 

&=A^,„iA)>0 Normal Stress Margin of Safety 

&=A*W^° Buckling Margin of Safety 

Design variables 
X={A} 

OPTIMIZATION MODEL IV 
Minimize 

f=pLA Weight 
Subject to 

g^MSJAZO Normal Stress Margin of Safety 

g2=M$uck4A)>0 Buckling Margin of Safety 

Design variables 
X={A, material} 

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 

P„ = 
K2E1 

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

.2 
lower limit is 0. L and the upper limit is 3.00 in' 

* THE LAST INFORMATION ^OPTIMAL DESIGN * 
* POINT * 

DV(1)= 2.7780OO0O0000000E-001 

The OBJECTIVE value at this point is: 
OB J= 1.341200000000000 
The corresponding CONSTRAINT values are: 
G(l)= -3.480OOO0OO0O0O00E-002 
wei ght= 1.341200000000000 
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6.1.4.2 Enhanced Optimisation Models based on jlap_link_de,tailed 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. 

lY\ Simple 

cross 

hw 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 ID 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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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*wf+tw*((rsl+tsl+rs2+ts2)/2-tf))*l5 " rho 
Subject to 

-30000 < Stress < 30000 psi 
Design variables 

0.1 <tf<0.25in 
0.1 <tw<1.0in 

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 .80OO00OO0E-3O .36OOOO0O0E+05 .360000000E+03 
SXMIN -.36O00OO00E+05 .360000000E+05 .720OO0OO0E+O3 
TF .100000000E+00 .250OOO0O0E+0O . 150O00O00E-02 
TW .lOOOOOOOOE+OO .100000000E+01 .900000000E-02 
WT .O0OOO00O0E+00 .000OO00OOE+O0 .200000000E+01 

current parameter names and values 
BASINC -2359.04695 BB 2359.04695 DEFXMAX . 129525671E-03DEL .100000000E-
05ES1_1 10.0000000 
ES1_2 7.00000000 ES1_3 8.00000000 ES1_XC 3.00000000 ES2_3 2.00000000 ES2_4 
6.00000000 
ES2_XC 2.00000000 E_LINK 15.0000000 FORCE -10000.0000 L 15.7500000 
LOCX1TF -.428571429E-01 
LOCX2TF 15.6942857 LOCYITF 1.49938763 LOCY2TF 1.94920392 LOCYKP15 .000000000 
PHI .285753173E-01 

XXXXXX) RS2 1.35000000 SXMAX 26661.5531 SXMIN -29724.6993 TF 

TS1 .500000000 TS 
2.00000000 

1.50000000 WS1 

WS2 2.50000000 ( J V T 7.5246490i) 

objective design variables 

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. 

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*wf+tw*((rsl+tsl+rs2+ts2)/2-tf))*l*rho 
Subject to 

-30000 < Stress < 30000 psi 
Design variables 

0.1<tf<0.25in 
0.1 <tw<1.0in 
0.1 <wf<2.0in 
12.0<l<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 

optimization variables 
parameter min 
SXMAX .8O0OOOOOOE-30 

-.300OO0000E+O5 
.100000000E+00 
.100000000E+00 
.100000000E+00 
.120000000E+02 
.000000000E+00 

SXMIN 
TF 
TW 
WF 
L 
WT 

max 
.300000000E+05 
.250000000E+05 
.250000000E+00 
.100000000E+01 
.200000000E+01 
.170000000E+02 
.OOOOOOOOOE+OO 

toler 
.30OOO0000E+03 
.55OOO0O00E+03 
.15OOO00OOE-02 
.90OO000O0E-02 
.190000C00E-01 
.500000000E-01 
.200000000E+01 

current parameter names and values 
BASINC -2359.04695 BB 2359.04695 
.100000000E-05ES1_1 10.0000000 
ES1_2 7.00000000 ES1_3 8.00000000 
ES2_4 6.00000000 
ES2_XC 2.00000000 E_LINK 
LOCX1TF -.546193244E-01 
LOCX2TF 12.2872583 LOCY1TF 
NUM_N 18.0000000 
PHI .364209344E-01RS1 

WIN ^ZW$ 
.189284305 > TS1 

2.0000000 

.717417607E-04DEL. 

3.00000000 ES2_3 

10000.0000 

1.948JZ#tf82 

1.35000000 

.600000000 

design variables 

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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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. 

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 lb/in3 

Lower Limit on cross sectional areas 0.10 in2 

Initial Value of design variables 10.0 in2 

Stress limit 25 ksi 
Number of design variables 10 
Number of constraints 10 
Number of loading conditions 1 

Load Data 

Loading 
Load 1 Components (kips) 

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 

f\ Weight 
Subject to 

Si =NCstreslA) <0 Normalized Stress Constraints 

Design variables 

XHAi} 

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; 
xcc: 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; 
g5: REAL; 
g6: REAL; 
g7: REAL; 
g8: REAL; 
g9: REAL; 
glO: REAL; 
sigl: REAL; 
sig2: REAL; 
sig3: REAL; 
sig4: REAL; 
sig5: REAL; 
sig6: REAL; 
sig7: REAL; 
sig8: REAL; 
sig9: REAL; 
siglO: REAL; 
sx: REAL; 
ex: REAL; 
I: REAL; 
nuxy: REAL; 
allow .REAL; 

RELATIONS 
r23:"<obj>= = 

CobExternalToolFv.nction[ansys,tenbar,obj,{<xaa>,<xbb>,<xcc>,<xdd>,<xee>,<xff>,<xgg>,<xhh>,<x 
pp>,<xrr>}]" ONEWAY; 
rJ:"<sigI> = = 
CobExternalToolFunction[ansys,tenbar,sig 1, (<xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>, <xgg>, <xhh>, < 
xpp>,<xrr>}]-' ONEWAY; 

r2: "<sig2> = = CobExternalToolFunction[ansys,tenbar,sig2, (<xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>, < 
xgg>,<xhh>, <xpp>,<xrr>}]" ONEWA Y; 

r3: "<sig3> = = CobExternalToolFunction[ansys,tenbar,sig3,(<xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>,< 
xgg>, <xhh>, <xpp>, <xrr>}] " ONEWA Y; 
r4:"<sig4> = = 

CobExternalToolFunction[ansys,tenbar,sig4,( <xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>, <xgg>, <xhh>, < 
xpp>, <xrr>j] " ONEWA Y; 

rl:"<sig5> = = 
CobExternalToolFunction[ansys,tenbar,sig5,f<xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>, <xgg>, <xhh>, < 
xpp>, <xrr>}] " ONEWA Y; 

r2:"<sig6> = = 
CobExternalToolFunction[ansys,tenbar,sig6,{<xaa>t<xbb>,<xcc>,<xdd>,<xee>,<xff>,<xgg>,<xhh>,< 
xpp>, <xrr>j]" ONEWA Y; 

rl:"<sig7> = = 
CobExternalToolFunction[ansys,tenbar,sig7,( <xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>, <xgg>, <xhh>, < 
xpp>, <xrr>}] " ONEWA Y;  
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r2:"<sig8> = = 
CobExternalToolFunction[ansys,tenbar,sig8, {<xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>, <xgg>, <xhh>, < 
xpp>, <xrr>}] " ONEWA Y; 

rJ:"<sig9> = = 
CobExternalToolFunction[ansys,tenbar,sig9. f<xaa>, <xbb>, <xcc>, <xdd>, <xee>, <xff>, <xgg>, <xhh>, < 
xpp>, <xrr>}] " ONEWA Y; 

r2:"<sig!0> = = 
CobExternalToolFunction[ansys,tenbar,siglO,{<xaa>,<xbb>,<xcc>,<xdd>,<xee>,<xff>,<xgg>,<xhh>, 
<xpp>, <xrr>J]" ONEWA Y; 

r3 : "<gl> == (<sigl> / <allow> - 1.0)"; 
r4 : "<g2> == (<sig2> / <allow> - 1.0)"; 
r3 : "<g3> == (<sig3> / <allow> - 1.0)"; 
r4 : "<g4> == (<sig4> / <allow> - 1.0)"; 
r3 : "<g5> == (<sig5> /<allow> - 1.0)"; 
r4 : "<g6> == (<sig6> / <allow> - 1.0)"; 
r3 : "<g7> -- (<sig7> / <allow> - 1.0)"; 
r4 : "<g8> == (<sig8> / <allow> - 1.0)"; 
r3 : "<g9> == (<sig9> /<allow> - 1.0)"; 
r4 : "<glO> = s (<sigW> / <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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Member No 
ANSYS 

Optimum Cross Sectional area 
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(inA3) 16205.88 15935.75 15931.8 

Table 6-3 Optimum Results Comparison for Ten Bar Truss 
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Figure 6-41 Iteration History of Volume of Ten-Bar Truss 
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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. 

Component Substrate (Alumina) 

Component 

S ( ̂ ^ZLZ 

s n 

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) 

Nf average cycles to failure 

Aep plastic cyclic strain range 
c fatigue ductility exponent 

af fatigue ductility coefficient 

T mean cyclic temperature, (°C) 

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

A?SJ solder joint shear strain range 

F adjustment factor 
A(aAT) steady state thermal expansion mismatch 

To reference temperature 
T steady state temperature 
L length 
h height 
E Young's modulus 
V Poisson's ratio 
a coefficient of thermal expansion (CTE) 
Oy yield stress 
d mesh density 
n number of load steps 
a load yield factor 
e convergence criteria 

Subscripts 
pwa printed wiring assembly (PWA) 
pwb (bare) printed wiring board (PWB) 
c, s, sj component, substrate/PWB, solder joint 

Subsections 6.3.2.1 and 6.3.2.2 below overview how to analyze solder joint reliability 

Using analysis models l:Engelmaier Model for Solder Joint Deformation and Analysis 

Models: 2D FE Model for Rectangle and Detailed Solder Joint Deformation 2a and 2b. 

Those analysis models are utilized as case studies in this research. Then, optimization 

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

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: Engelmaier Model for Solder Joint 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*„ ^ — L - — - * L To 
Component: Rod 

Solder Joint: 

M/ 
Substrate/PWB: Rod \T S h e a r B o d y Z 

Undeformed State(T0=Tc=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 N^ 

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 N^ 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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3 3 

4 4 

5 

Figure 6-44 N^ 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 TQ = 20°C, yielding Tc- 89°C and Ts= 

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. 

A(aAT) = as(Ts-T0)-ac(Tc-T0) 
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LcA(aAT) 
Ysj " 2h • 

4. Solder Properties 

The following relations are developed by Engelmaier and are used to calculate fatigue 

life in Step 5. 

c - -0.442 - 0.0006f + 0.01741n(l + / ) 

f ' = T • = V (2T +T +T ) 1 sj /4^Io Lc ls> 

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. 

AYsj = F\rSj 

A£p=&Ysj 

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 c is frequency and temperature dependent and comes from Step 4. 

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. 

T o Solder Joint: PSI 

Component: PSB Tc \J 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 geometry, rectangle and detailed. 

Analysis Models 2a & 2b : 2D FEAfor 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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Vs:, solder joint volume 

hf , fillet height 

h • , standoff heicht 

T< 

Component 

Solder Joint 

L3 ^ L4 

L,, base length" 

PWB 

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. 

1 

- - — . { • — — • Jt 
II 

% ' 1 JL 
I 

JL 

-L 

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 

165 



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"6in/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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P R O D U C T M O D E L S A N A L Y S I S MODELS 

FORMULABASED 

OPTIMIZAT ION M O D E L S 

r/Yn 

OPTIMIZATION MODEL CLASS 
BASED ON ENGELMAIER MODEL 

[Optimization Object Optimization Object 2 

Unde fo rme iS ta te ENGELMAIER MC :JL 

2D RECTANGLE FEBASEQ 

MaxNtfi) 

subject to 
X(h) 

MaxNJH.imt; 

subjea to 
X(h,mat) 

Design variable diversi ty 

(Obj andConstFunc Enhancement) 

A • • j C o n V O n n 

I_Z___J—ftimr I • 

Tq3^ 
PLANE STRAIN MODEL 

2D DETAILED FE B ASED] 

OPTIMIZATION MODEL CLASS 
BASED ON PLANE STRAIN MODEL 

Optimization Object Optimization Object Optimization Ob) ect 

Ma*NStiLL,LB> 

sutojea to 

X(H.LL.LR) 

MaxNfH) 

subject to 
g(x )<0 

h(x)=0 
X<H) 

Max N( tret) 

subject to 

g (x)<6 
h(x)=0 

X(Mat) 

Design variable 

(Ob)and ConstFuncEnhancement) 

OPT IMIZAT ION M O D E 

ENHANCEMENT 

I 

Figure 6-48 Classes of Optimization Models Based on Two Different Fatigue Analysis 

Models 

6.3.3.1. Optimization 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 (as)Model2&3 

Maximize 
Solder Fatigue life: (Objective Function) 

) l / 

W = V 
Nf / 2 2e 

f 

Bounds on variables 
0.0001 <h{in)< 0.1 

i-6 asx\0DIC 6(10,15.7,21} 

asxio-6/c° e {1,2,3,4,5,6,8,910,15.7,21} 

Model 2 
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 as =15.7x10"° /°C . 

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

determines a s 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 as=10.xl0"6 

Material 2 a s=15.7xl0"6 

Material 3 a s=21xl0"6 

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 eom2 eom2' 

h(in) 0.1 

as(/C) 

Nf (cycles) 3.05xl06 

0.1 

a s=10.x 10"6 

27.8xl06 

0.1 

a s = 6x 10"6 

560.4x10' 

Table 6-5 Design Variable and Nf Final Results 

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

and shows how this value converges rapidly. 

0.12 -r - - - -

I • !• \ I - - I 1 1 •• H - -t - t- - t-

re in p* oj CO IT) I-- Oi 

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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a sxl0-6 Nfxl05 

1 77 
2 116 
3 192 
4 372 
5 968 
6 5604 
8 2316 
9 625 
10 278 
15 7 30.5 
21 11 

Table 6-6 Maximum Nf values for Different Materials 

6000 

i - CO l O 0 0 O T -
i - CNJ 

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 a s to be the value that yields zero thermal mismatch, A(aAT)\ 

as,optimum = 6.7xl0"6 in this case. This is confirmed in Table 6-6 where the PWB 

material with CTE closest to as,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 as 

and as,optimum are closest to each other, even with as 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 

Nf 
to 

Analysis Results 

n 

Max F(x) | I ' 

subject to 
gi(x) 
h(x) 
X 

Figure 6-51 Integration of a PB AM 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. 

Analysis Entities 
739 cyclei 

1/day c 
-55 °C 

125°C 

Solder Joint Thermomechanical Fatigue Model 

X 
Analysis Inputs 

OPTIMIZATION 

Max Nf(h) 

subject to 
X(h) 

Max Nf(h,mat 

subject to 
X(h,ma0 
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Engineering Optimization Models 

Find 
Design variable Notation 
solder joint height (h3) 
solder joint base length (13) 
Objective 
Solder Fatigue life: 

(Objective Function) 

I 

W = 1/ 
/ / 2 2ef 

Constraints 
0.0152 < Solder Volume < 0.0155 in2 (allowable) 
Bounds on variables 
0.001 < h3(in) < 0.024 
0.01 <B(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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Eom4: 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(ln) 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 1.71 E+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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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. 

Figure 6-53 Left :Height vs Iteration History Right: Fatigue Life vs Iteration History 
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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 (in2) <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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Eom6: 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 

Orginal 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(ln) 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 eom.7 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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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. 
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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 eoml 

model are shown in Figure 6-56 below. 

APM 

T: 

EOM Optimization Model Occurrence 

X 
EOM PM 

A£ 

2 t 

Objective: 
Maximize Fatigue Life( shear strain) 

Vc 

Constraints: 
area

mm ^ areasoUkr ^ area, 

Design variables: 
material^— 

"min — if —• '*BI»X 

PWA Component Occurrence 

total height, h 

Solder 
Joint 

Component 
base: Alumina 

IS, ( Jr*L ) /-

PWB material 

a 
EOM CBAM 

Component Occurrence Plane Strain Model 

ABB Plane Strain Bodies System 

t_ 

body! ( T„ 

body, 

body-

body3 

plane strain body . i = 1...4 
geometry • 
material ,1E. v. a J 

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 

eom5. 

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 V 

gl: REAL; 
g2: REAL; 

/* DESIGN VARIABLES V 
xh3 : REAL; 
xl3 : REAL; 
/* ANALYSIS MODELS */ 
cbaml : STRING; 
cbaml : STRING; 

RELATIONS 
alal : "<xh3> == <cbamlAink.solder.H3>"; 
ala2 : "<xl3> -= <cbamI.link.solder.L3>"; 

/* 
ala3 : "<xl4> =- <cbaml.link.solder.L4>"; 

V 
/*ala4 : "<area> = = <cbam2.deformation_model.area>"; */ 

ala2 : "<xl3> -= <cbamI.link.solder.L3>"; 
/* 

ala3 : "<xl4> =- <cbaml.link.solder.L4>"; 
V 
/*ala4 : "<area> = = <cbam2.deformation_model.area>"; */ 

ala2 : "<xl3> -= <cbamI.link.solder.L3>"; 
/* 

ala3 : "<xl4> =- <cbaml.link.solder.L4>"; 
V 
/*ala4 : "<area> = = <cbam2.deformation_model.area>"; */ 

ala5 : "<gl> == (1.0/(<cbaml.msl_mosjtnodel.margin_of_safety> + 1.0))-1"; 
ala6 : "<g2> ==(1.52/(100*<cbaml.deformation_model.solder_area>))- 1.0"; 
alal: "<obj> == 1.* <cbaml.deformationjmodel.jcatig> 1100000"; 

END_COB; 

END_SOURCE_SET; 

USE_FROM ElecrronicPackagingVecMAcbams.cos AS_SOURCE_SETS; 

LINK_DEFlNlTIONS 
optimization.flap.cbaml == cbams.pwa_fatigue_model.name; 

END_LINK_DEFlNITIONS; 

END_SCHEMA; 

180 

cbams.pwa_fatigue_model.name


CBAM pwa_Jatigue_model SUBTYPE_OF link_analysis_model; 
name: STRING; /* 051899 link to optimization */ 

deformation _model: pwa_Jatigue_abb; 
msl_mos_model: margin_of_safetyjn.odel; 
ms2_mos_model: margin_of_safety_model; 

RELATIONS 
all:"<link.solder.material.stress_strain_.model.linear_elastic.youngs_modulus> = = 

<deformationjnodel. ex> "; 
al2:"<link.solder.material.stress_strain_model.linear_elastic.poissons_ratio> = = 

<deformationjnodel.nuxy> "; 
/* al3: "<link.solder.material.density> =-- <deformation_modeidensity>"; */ 

al4: "<link.solder.material.yield__stress> === <deformation_model.ey>"; 
all: "<link.solder.material.stress_strain_model.linear_elastic.cte> == <deformation_model.cte3>"; 
all: "<Unk.component.material.stressjstrain_modeUinear_elastic.cte> == <deformation_model.ctel>"; 
all: "<link.pwb.material.stress_strainjmodel.linear_elastic.cte> —— <deformation_model.cte2>"; 

al3: "<link.l> =- <deformation_model.l>"; 
al3: "<link.solder.H3> —- <deformation_model.xh3>"; 
al3: "<link.component.LA> == <deformation_model.la>"; 
al3: "<link.pwb.LB> == <deformation_model.lb>"; 
al3: "<link.componenl.Hl> == <deformation_model.hl>"; 

\al3: "<link.pwb.H2> == <deformation_model.h2>"; 
\al3: "<link.solder.L3> -= <deformation_model.xl3>"; 
\al3: "<link.solder.L4> == <deformation_model.xl4>"; 

al6 : "<ms 1 _mos_model.allowable> == 0.0155"; 
al7 : "<msl_mos_model.determined> -~ <deformation_model.solder_area>"; 

/* al8 : "<ms2_mosjmodel.allowable> == <link.solder.material.yield_stress>"; 
al9 : "<ms2_mos_jnodel.determined> == <deformationjmodel.sig2>"; 
*/ 
END_COB; 

CBAM pwa_fatigue_abb; 
I: REAL;/* length V 
xh3: REAL; /* solder height*/ 
la: REAL 
Ib.REAL; 

\xl3:REAL; 
\xl4:REAL; 
hi .REAL; 
h2:REAL; 
force: REAL;/* total force */ 
ex: REAL;/* youngs modulus */ 
ey: REAL;/* yield stress*/ 
nuxy: REAL; /* poisson 's ration */ 
density1:REAL; /*density */ 
del: REAL; 
cte2:REAL; 
cte3:REAL; 
temperature _s: REAL; 
temperature _c:REAL; 

| temperature_ref:REAL; 
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temp erature_sj: REAL; 
ssmax: REAL; 
solder_area:REAL 
coefficient: REAL; 
frequency: REAL; 
fatig.REAL; 
dummy.REAL; 
dk.REAL; 

RELATIONS 

rl:"<ssmax> = = 
CobExternalToolFunction[ansys,arfat,ssmax,{<xh3>,<xl3>,<xl4>,<la>,<lb>,<cteI>,<cte2>,<cte3>,<h 
1 >, <h2>})"ONEWAY; 
rl: "<solder_area> = = 
CobExternalToolFunction[ansys,arfat,area3,{<xh3>,<xl3>,<xl4>,<la>,<lb>,<ctel>,<cte2>,<cte3>,<h 
l>,<h2>}]" ONEWAY; 
r2 : "<temperature_sj> == l/4*(2*<temperature_ref> + <temperature_c> + <temperature_s>)"; 
r3 : "<dummy> =-- (] + <frequency>)"; 
r3 : "<coefficient> == -0.442-0.00006*<temperature_sj>+0.0174*N(Log[<dummy>]]"; 
r3: "<dk> = = CobExternalToolFunction[ansys,arfat, nfsl_sxyf<xh3>, <xl3>, <xl4>,<la>, <lb>, <ctel >, <ct 
e2>,<cte3>,<hl>,<h2>}]" ONEWA Y; 
r3:"<fatig> ==CobExternalToolFunction[ansys,arfat,nf{<xh3>t<xl3>,<xl4>,<la>,<lb>,<cteJ>,<cte2>, 
<cte3>,<hl>,<h2>}]" ONEWAY; 
/* r3 : "<fatig> == l/2*((<ssmax>/0.65)**<dk>)";*/ 

END_CBAM; 

SCHEMA pwa_apm; 

SOURCE_SET truss _link_g eometrk jnxodel ROOT_COB pwa; 

/* USE_FROM lib/apm. cos; V 

\APM part; 
/*part_number: STRING, V 
designer: STRING; 

END_APM; 

\APM material; 
material: STRING; 

\END_APM; 

\APMbodyI; 
material: STRING; 
HI:REAL; 
LA : REAL; 

END_APM; 
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APM body!; 
material: STRING; 
H2 : REAL; 
LB : REAL; 

END_APM; 

APM body3; 
material: STRING; 
H3 : REAL; 
L3 : REAL; 
L4 : REAL; 

END_APM; 

APM pwa SUBTYPE_OE part; 
part_number: STRING; 
I: REAL; 
w: REAL; 
t: REAL; 
area .REAL; 
volume : REAL; 
weight: REAL; 
component:body I; 
solder :body 3; 
pwb:body2; 

RELATIONS 
PROD UCT_RELA TIONS 

prl : "<area> =- <w>*<t>"; 
pr2 : "<volume> -= <l>*<w> *</>"; 
pr3 : "<weight> == <volume> *<component.material.density>"; 

END_SOURCE_SET; 

USE_EROM lib/materials.cos AS_ SOVRCE_SETS; 

LINK_DEFINITIONS 
truss _link_j>eometric_model.pwa. component, material^- mate rials, material.name; 
truss_link__geometric_model.pwa.pwb. material^ — materials.material.name; 
truss_link_geornetric_model.pwa.solder.material= -= materials.material.name; 

END_LINK_DEFINITIONS; 

END_SCHEMA; 
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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. 

184 



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: 

• EOM Information Model; 

• EOM Definition Languages; 

EOM Lexical Forms 
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BOM Graphical Forms 

• 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 Representation 

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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1 EOM REPRESENTATION 
TEST CASES 

1 OBJECTIVES FLAP LINK 
OPTIMIZATION 

TEN BAR TRUSS 
OPTIMIZATION 

SOLDER 
LIFE OP 

1 OPTIMIZATION INTEGRATION Yes Yes Y 

1 PARTITION 
Optimization Models Y 

1 PARTITION Analysis Models Y 1 PARTITION 

Design Models Y 

1 ASSOCIATIVITY 
Optimisation-Analysis Yes Y 

1 ASSOCIATIVITY 
Optimization-Design Yes Y 

Objectives 

Constraints EOM Table 7-2 EOM 
1 ENHANCEMENT Design Variables EOM Table 7-2 EOM 1 ENHANCEMENT 

Analysis Models (CBAMs) CBAM Table 7-3 CBAM 

1 ENHANCEMENT 

Product Models (APMs) APM Table 7-4 APM 

1 AUTOMATED METHOD 
| AND TOOL SELECTION 

Yes Y 

1 EXTEND ANALYSIS DESIGN 
1 INTEGRATION ARCHITECTURE Yes Yes Y 

1 SUPPORT VARIOUS DISIPLINES Yes Yes Y 



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. 

• 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 PWA 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. 

• 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. 

• 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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Enhanced Optimization 
Models (EOMs) 

1 EOMl EOM2 F EOM3 

Optimization Model 
Description 

Minimize 
Weight of flap-
link pre based on 
its area using ID 
Normal Stress 
Model 

Minimize 
Weight of flap-
link pre based on its 
area and material 
using ID Normal 
Stress Model 

Minimize 
Weight of fl 
based on its 
2D FE Stres 

M 
W 
li 
ar 
us 
M 

Optimization Mode! 
1 Objectives: 

Minimize 
Weight of Flap 

Link 

Minimize 
Weight of Flap Link 

Minim 
Weight of W 

Constraints: limits on area 
constraint on stress 

limits on area 
list of materials 

limits on a 

constraint on stress constraint o 
constraint o 

Design Variables: A A, material A 
Name: flap link area flap link area 

material 
flap lin 

Type: continuous continuous 
discrete 

contin 
discr 

cbamla_extension cbamla_extension cbamla_e 
cbam2_b 

rlpppe^"; i -4) apm_flaplink_pre apm_flaplink_pre apm_flap 

1 Optimization Method Modified Feasible 
Direction 

Mix 
Integer_Continuous 

Modified Fe 
Direction 

Optimization Tool GeneralBolink with 
CONMIN 

GeneralBolinkl with 
CONMIN 

GeneralBolin 
CONMIN 



Enhanced Optimization EOM5 EOM6 
Models (EOMs) 

Minimize Minimize 
Optimization Model 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 wall thickness 
Limits on flange thickness Limits on flange thickness 
Stress constraint Limits on flange width 

Limits on flap link length 
Stress constraint 

Design Variables: 

tf*K tf,tw,Wj,l 

Name: wall thickness wall thickness 
flange thickness flange thickness 

Type: all continuous flange width 
flap link length 
all continuous 

| cbamlb_plane_strain_FE cbamlb_plane_strain_FE 
ap m_ flap link_de ta iled apm_flaplink_detailed 

Optimization Method Feasible Direction Feasible Direction 
Method Method 

Table 7-2 EOM Models for Flap Link (continue) 
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CBAMS Description 

Model Description 
Buckling Model 

Extensions! Model 
(Formula Based) 

Plane Strain Model 

Model 

Solder Joint 
Analysis Description 

Buckling Normal Stress 
Apm_flaplink_la Apm_flaplink_la 

cbam2 cbamla 
ID 

Buckling 
ID Normal Stress 

Apm_flaplink_lb 
cbam lb 

2D Detailed 
FE Analysis 

Analysis Method Formula Formula FE Element 
Analysis Tool Mathematica Mathematica Ansys 

Table 7-3 CBAMs: Flap Link Case Study Analyses 

L-Product ! 
Models i APMs) 

j >lp I Apm flaplink; lb 

APM Description 

Flap Link Model 
Description 

Flap Link 1 

i4 4*—*i <— 4 -

r~\ z -̂r-x 

''S^jT" 

S/eevMO 
rt^—' 

Flap Link2 
— A -k—X——-> 

f2 Shaft *A 

J^A 

> 

^_) J Sleeve 2 

* 

APM Description 

Flap Link Model 
Description 

p^==s®r 

''S^jT" 

S/eevMO 
rt^—' 

Flap Link2 
— A -k—X——-> 

f2 Shaft *A 

J^A 

> 

^_) J Sleeve 2 

* 

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 Droduct Models for So lder Joint Fa tigue Case Study 
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1 Enhanced Optimization EOMl EOM2 & V EOM3 
Models (EOMs) l o l d lo2d l o l d 

Maximize Maximize Maximize 
Optimization Model Solder Fatigue Life Solder Fatigue Life Solder Fatigue L 

Description of solder 1 based on of solder 1 based on of solder 2 based 
its height using its height and PWB its height using F 
Extensional 
Model 

material using 
Extensional Model 

Rectangle Mode 

Optimization Model Maximize Maximize Maximize 
Objectives: Solder Fatigue Life Solder Fatigue Life Solder Fatigue 

1 Constraints: 1 limits on height limits on height 
list of materials 

limits on heig 
Lim 

S 
1 Design Variables: h h, a A, 

Name: solder height solder height 
pwb material 

solder heigh 

Type: continuous continuous 
discrete 

continuous 

cbaml_extension cbaml_extension cbam2a_plane_s 
P /: li t ALPW*! ( S^G ^ ilMiit!'-. ^~ £ )' apm_pwa_l apm_pwa_l apm_pwa_2 

Optimization Method Variable Metric Mix Sub-probiem 
Method Integer_Continuous Approximation 

Method / M. Fea 
Direction 

Ap 
Me 

ire 
1 Optimization Tool BFGS Fortran Press | Modified BFGS Ansys-Opt/ 

at al. & CONMIN | CONMIN 



Enha nee d O pti mi zatio n EOM5 EOM6 
Models (EOMs) lo2dlc lo3d 

Maximize Maximize 
Optimization Model Solder Fatigue Life Solder Fatigue Life 

Description of solder 2 based on of solder 2 based on 
its height and base its height and lengths 
length using FE using FE Detailed 
Detailed Model Model 

Optimization Model Maximize Maximize 
Objectives: Solder Fatigue Life Solder Fatigue Life 

Constraints: limits on height limits on height 
limits on base length limits on base length3 
solder volume limits on base length4 

Design Variables: ^J2 
h3 • h >h >U 

Name: Solder height solder height eig 
solder base length3 solder base length3 len 

Type: all continuous solder base length4 len 
all continuous nuo 

m^gff^^BmmaBSBm^^m cbam2b_plane_strain cbam2b_plane_strain ne_ 
i n i i / c o o TViTKlf*1 "7\ apm_pwa_2 apm_pwa_2 wa_ 

Optimization Method Sub-problem Sub-problem m 
Approximation Approximation on 
Method Method 

Optimization Tool Ansys-Opt Ansys-Opt t 



Strain Model Description 
E) rtensional Model 

A* 
Plane Strain Model 

To 
Solder Joint Strain Model Description 

E) rtensional Model 

A* )[ Component (PSB), Tc k (PSB) 

1 ' Substrate/PWB (PSB) Ts 

Strain Model Description 
E) 

K Component [Rodl. Tc 
/ /Solder Joint (Shea.- Body)\ \ 

)[ Component (PSB), Tc k (PSB) 

1 ' Substrate/PWB (PSB) Ts 

Strain Model Description 

1 Subslra»/PWB IRodl Ts 1 

Deformed State 
(PSB = Plane Strain Body) 

Solder Model Viscoplastic 
Solder Model Linear Solder Model 
Apm_pwa__l Apm_pwa_2 Apm_pwa_2 

Solder Joint 
Analysis Description 

cbaml cbam2a cbam2b Solder Joint 
Analysis Description ID 

Solder Joint 
2D Rectangular 

Solder Joint 
2D Detailed 
Solder Joint 

Analysis Method Formula FE Element FE Element 
Analysis Tool Mathematica Ansys Ansys 

Table 7-6 CE IAI As: Solder Joint Fatigue Case Study Analyses 

= . ; • ; * „ : , ; 

APM Description 

PWA Model Description 
Printed Wiring 

Assembly 1 
Printed Wiring Assembly B I 

APM Description 

PWA Model Description 
Printed Wiring 

Assembly 1 
f Component f 

APM Description 

PWA Model Description 

\™' ^> 

f Component f 

APM Description 

PWA Model Description 

Componanl \™' ^> 

f Component f 

APM Description 

PWA Model Description 

| Solder Joint -f— V - ™ ? >oWer Join! 

APM Description 

PWA Model Description 

I PWB J ' fC ' ., 1' <. ' { 
PWB J 

APM Description 

PWA Model Description 

•«- t , b w l.na*-»-

Design Stage Preliminary Detailed 
Geometry description ResistorRll 

Solder Joint 
2D PWB 

ResistorRll 
2D Rectangular 

Solder Joint 
2D PWB 

ResistorRll 
2D Detailed 
Solder Joint 

2D PWB 
Material description ResistorRll: Alumina 

Solder Joint: Fr4 
PWB: Pb_Sn 

CAD Tool Menthor Graphics CAD Tool 

Table 7-7 Product Models for Solder Joint Fatigue Case Study 
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• 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 5, 

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 fro m 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 advantages 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. 

ENGINEERING OPTIMIZATION MODEL 

Minimize 
f^OLA Weight 

Subject to, 
gi=((f/A) ^ftl Normalized 

Stress Constraint 
: I 

Design variables 

X={A,lMa(erial} 
i / 
i / 

Material Data 
SPECIFIC YOIT.C 
»-BG»n-, MOE*Ll£iX* 

MATCKIAL , s p E Kusncm " € s r s 

STAINLESS STEEL 

woo 

1 H M "» | <™ ™ 

i 
rmm 

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 

z 
ANALYSIS 

L 
DESIGN 

* Enhanced Qptigitization Model (EOtyi 
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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. 
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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 semantic ally 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 - takirg 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. 

c) 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) The representation permits deeper understanding of engineering optimization through 

new knowledge representations. 

b) 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. 

c) Engineers can easily understand the representation of an optimization model with its 

ingredients. 

d) Common analysis and design data is shared among several optimization models 

instead of replicated in the codes of each individual application. 

e) The representation is easily defined, constructed and modified. 

f) The representation enables improved PWA designs with more balanced consideration 

of thermo-mechanical issues and other life cycle constraints. 

g) 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 

• 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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• Measuring the accuracy of the collective optimization model 

The optimization models utilize 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. 

• 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. 

• 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. 

• 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) 
(lo2cld 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; 

/* objective */ 

obj:REAL; 
/* constraints < 0 */ 

gl:REAL; 
g2: REAL; 

/* design variables */ 

area : REAL; 
/* analysis models */ 

cbaml : STRING; 
cbam2 : STRING; 

RELATIONS 
rl : "<area> ==<cbaml.deformation_model.area>"; 
r2 : "<area> -—<cbam2.deforrnation_model.area>"; 
r3 : "<gl> == (1.0/(<cbaml.strcss_mos_model.margin_of_safety> + 1.0))-1"; 
r3 : "<g2> ==(1.0/(<cbam2.buckling_mos_model.margin_of_safety> +1.0))-1"; 
r5 : "<obj> =- (<area>*<cbaml.link.l>)*<cbaml.link.material.density>"; 

END_COB; 

END_SOURCE_.SET; 

USE_FROM flap_link/selcuks' flap/ldcase/flapJink_cbams_buckling_mod.cos AS_SOURCE_SETS; 

LINK_DEFINITIONS 
optimization.flap.cbaml == cbams.link_extensional_model.name; 
optimization.flap.cbam2 == 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 
*/ 

SCHEMA Omep; 

SOURCE_SET optimization ROOT_DOMAIN Omep; 

COB Omep; 

/* objective */ 

obj: REAL; 

/* constraints < 0 */ 

gLREAL; 

/* design variables */ 
t : REAL; 
w : REAL; 

/* analysis models */ 
cbaml : STRING; 

RELATIONS 
rl : "<t> == <cbaml.link.t>"; 
r2 : "<w> == <cbaml.link.w>'; 
r3 : "<gl> = (1.0/(<cbamLstress_mos_model.margin_of_safety> + 1.0))-1"; 
r4 : "<obj> = (<cbaml.link.area>*<cbaml.link.l>)*<cbaml.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 1 == cbams.link_extensional_model.name; 

END_LINK_DEFINITIONS; 

END_SCHEMA; 
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EOM Schema for Flap Link (Preliminary) 
(lo2c2d case) 

/* 
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 */ 

gLREAL; 
g2: REAL; 

/* Design Variables */ 
t: REAL; 
w : REAL; 

/* analysis models */ 
cbaml : STRING; 
cbam2 : STRING; 

RELATIONS 
rl : "<t> == <cbaml.link.t>"; 

r2 
r3 
r4 
r5 
r6 
r7 

"<w> == <cbaml.link.w>"; 
"<t> == <cbam2.1ink.t>"; 
"<w> == <cbam2.1ink.w>"; 
"<gl> == (1.0/(<cbaml.siress_mos_model.margin_of_sai'ety> + 1.0))-1"; 
"<g2> =-(1.0/(<cbam2.buckling_mos_model.margin_of_safety> +1.0))-1"; 
"<obj> == (<cbaml. link. area>*<cbaml. link. l>)*<cbam J. link, material. density>' 

END_COB; 

END_SOURCE_SET; 

USE_FROM flapjink/selcuks' flap/2dcase/Ccbums.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 < 0 */ 

gl:REAL; 
/* analysis models */ 

cbam3: STRING; 
/* design variables */ 

area : REAL; 
RELATIONS 
rl : "<area> ==<cbam3.link.shaft.critical_cross_section.basic.area>"; 
/*r2 : "<g2> == <cbam3.ux_mos_model.margin_of_safety> * -1" ; */ 
r3 : "<gl> == l/(l+<cbam3.sx_mos_model.margin_of_safety>)-l"; 
r4 : "<obj> == (<area>*<cbam3.link.effective_length>)*<cbam3.link.material.density>"; 

END_COB; 

END_SOURCE_SET; 

USE_FROMflap_link/FEoptimization/flap_link_cbams08.cos AS_SOURCE_SETS; 

LINK_DEFINITIONS 
/* optimization.flap.cbaml == cbams.link._extensional_model.name; */ 
/* optimization.flap.cbam2 == cbams.link_buckling_model.name; */ 

optimization.flap.cbam3 = 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 
flapjink-specific cbams to demonstrate supporting diverse modes, fidelity, and analysis tool usage: 

- extension mode: ID extensional rod model 
- extension mode: 2D plane stress model (FEA-based) 
- buckling mode: ID Buckling rod model 

This example schema uses three source_sets in the currently recommended manner for cbams: 
1. cbam source set 

- specifies cbams specific to flapj.ink (in flap_link_cbams.cos - this file) 
- specifics 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 LIMK_DEFINITIONS) 

2. apm source set 
- specifies apm for flapjink (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 cbams 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 cbam 

concepts."; ==*/ 
link : STRING; 
associated_condition : condition; 

END.COB; 

COB link_extensional_model SUBTYPE_OF link_analysis_.model; 
/*== "Represents ID 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 : extensionaI_rod_isothermal; 

RELATIONS 
all : "<deformation_model.undeformed_length> — <link.l>"; 
al2 : "<deformation_model.area> == <link.area>"; 
al3 : "<deformation_model.materia)_model.youngs_modulus> == 

<link.material.stress_strain_model.linear_elastic.youngs_modu]us>"; 
al4 : "<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_mode!.material_model.stress>' 

END_COB; 

COB link_buckling_model SUBTYPE_OF link_analysis_model; 
/*== "Represents ID 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.l>"; 
al2 : "<deformation_model.area> == <link.area>"; 
al2 : "<deformation_model.moment_of_inertia> = <link.inertia>"; 
al3 : "<deformation_model.materiaLmodel.youngs_modulus> == 

<link.material.stress_strain_mode!.linear_elastic.youngs_moduIus>"; 
al4 : "<deformation_model.rnaterial_model.name> = <link.material.name>"; 

/* al5 : "<deformation_model.inertia> == <associated_condition.reaction>"; */ 
al6 : "<buckling_mos_model.allowable> == <deformation_model.criticaLforce>"; 
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; 

/* wt_mos_model : margin_of_safety_model;*/ 
RELATIONS 

all: "<link.material.stress_strain_model.linear_elastic.youngs_modulus> == <deformation_model.ex>' 
al2: "<link.material.stress_strain_model.linear_elastic.poissons_ratio> == <deformation_model.nuxy>' 
al3: "<link.effective_length> == <deformation_model.l>"; 
al5: "<link.sleevel.width> == <derormation_model.wsl>"; 
al6: "<link.sleevel.wall_thickness> == <deformation_model.tsl>"; 
al7: "<link.sleevel.outer_diameter> == <deformation_model.rsl>*2.0"; 
al8: "<link.sleeve2.width> == <deformation_model.ws2>"; 
al9: "<link.sleeve2.wall_thickness> == <deformation_model.ts2>"; 
al 10: "<link.sleeve2.outer_diameter> == <deformation_model.rs2>*2.0"; 

/* use critical_cross_section."basic" */ 
all 1: "<link.shaft.critical_cross_section.basic.web_thickncss> = <deformation_model.tw>"; 
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al 12: "<link.shaft.critical_cross_section.basic.flange_thickness> == <deformation_model.tf>"; 
al 13: "<link.shaft.critical_cross_section.basic.flange_width> == <deformation_model.wf>"; 
all4: "<associated_condition.reaction> — <deformation_model.force>"; 
al6 : "<sx_mos._model.allowablc> == <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_modeI.ux>"; 

/*allO :"<wt_mos_model.determined> == <deformation_model.wt>"; */ 
END_COB; 

COB link_plane_stress_abb; 
I: REAL; /* length */ 
wsl: REAL; /* width at sleeve 1 */ 
tsl: REAL; /* thickness at sleeve 1 */ 
rsl: REAL; /* radius Of sleeve! (rsl<rs2) */ 
ws2: REAL; /* widthth at sleeve2 */ 
ts2: REAL; /* thickness of sleeve2 */ 
rs2: REAL; /* radius of sleeve2 */ 
tw: REAL; /* thickness at sh.af_.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 Sclcuk's addiiion*/ 

RELATIONS 
r l : "<ux> == 

CobExternalToolFunction[ansys,flaplink,ux,{<ex>,<nuxy>,<l>,<wsl>,<ws2>,<rsl>,<rs2>,<tsl>,<ts2>,<t 
w>,<tf>,<wf>,<force>}]" ONEWAY; 

r2: "<sx> == 
CobExternalToolFunction[ansys,flaplink,sx,{<ex>,<nuxy>,<l>,<wsl>,<ws2>,<rsl>,<rs2>,<tsl>,<ts2>,<t 
w>,<tf>,<wf>,<force>}]" ONEWAY; 
r3: "<wt> == 
CobExternalToolFunelion[ansys,flaplink,wt,{<ex>,<nuxy>,<l>,<wsl>,<ws2>,<rsl>,<rs2>,<tsl>,<ts2>,<t 
w>,<tf>,<wf>,<force>}]" ONEWAY; 
r4: "<tw> == 
CobExternalToolFunction[ansys,flaplink,tw, {<ex>,<nuxy>,<l>,<ws 1 >,<ws2>,<rs l>,<rs2>,<ts 1 >,<ts2>,<t 
w>,<tf>,<wf>,<force>}]" ONEWAY; 
END_COB; 
END_SOURCE._SET; 

USE_FROM flap_link\flap_link_apm.cos AS_SOURCE_SETS; 

LINK_DEFINITIONS 
cbams.link_extensional_model.link s = 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_fink_geometric_model.flap_link.part_number; 

END_LIN K_DEFINITIONS; 

END SCHEMA 
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APPENDIX C 

ABBs 

SCHEMA abbs; 

SOURCE_SET abbs ROOT_COB abb; 

/* 
Copyright 1998 by Georgia Tech 
Engineering Information Systems Lab 
eislab.gatech.edu 

Description: 
- abb library (analytical engineering concepts independent of product type) 
- used in cbams, etc. via USEJFROM 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, c : REAL; 
fatigue_strength_coefficient: REAL; 
fatigue_strength_exponent, b : REAL; 

END_COB; 

COB stress_strain_model SUBTYPE_OF solid_material_modcl; 
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_OFplastic_model; 
END_COB; 

COB elastic_model SUBTYPE_OF stress_strain_model; 
END_COB; 

COB one_D_linear_elastic_model SUBTYPE__OFelastic_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> * <temperaturc_change>"; 
r5 : "<shear_strain> == <shear_stress> / <shear_modulus>"; 

END_COB; 

COB one_D_linear_elastic_model._isothermal SUBTYPE_OF one_D_linear_elastic_model; 
RELATIONS 
r6 : "<temperature_change> = 0"; 

END_COB; 

COB one_D_linear_elastic_model_noShear SUBTYPE_OF one_D_linear_elastic_model; 
RELATIONS 
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r6 : "<shear_stress> == 0 "; 
END_COB; 

COB fluid_model SUBTYPE_OF material_model; 
END_COB; 

COB newtonian_fluid SUBTYPE_OFfluid_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 p]ane_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 dcformable_body; 
END_COB; 

COB slender_body SUBTYPE_OF deformable_body; 
undeformedjength, 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 euler_beam SUBTYPE_OF bending_beam; 
END_COB; 

COB timoshenkc_beam SUBTYPE_OF bending_beam; 
END_COB; 

COB thermal_bending_beam SUBTYPE_OF bending_beam; 
total_thickness, t : REAL; 
warpage: REAL; 
material_model: oneJD_linear_eIastic_model; 

RELATIONS 
r l : "<warpage> * <total_.thickness> = <material_model.cte> * 

<material_model.temperature_change> *<undeformed_length>**2 "; 
END_COB; 

COB extensional_rod SUBTYPE_OF slender_body; 
/* 

description : "Assumes no distributed load (i.e.. torque is uniform along the length)." 
*/ 

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; 
material_modcl : one_D_linear_elastic__model_noShear; 

RELATIONS 
rl 
r2 
r3 
r4 

"<length> == <end> - <start>"; 
"<total_elongation> == <length> - <undeformed_length>"; 
"<material_model.strain> = <total_elongation> / <undeformed_length>"; 
"<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_nxLnoForce SUBTYPE_OF extensional_rod; 
RELATIONS 
r6 : "<force> =-= 0"; 

END_COB; 
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/* check to make sure correct */ 
COB torsionaLrod SUBTYPE_OF slender_body; 
/* 

description : "Assumes no distributed load (i.e., torque is uniform along the length)." 
*/ 

theta_start, &theta;<sub>l</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_modeLisothermal; 

RELATIONS 
rl 
r2 
r3 

"<twist> == <theta_end> - <theta_start>"; 
"<materiaL.model.shear_strain> -= <twist> * <radius> / <undeformedjength>"; 
"<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"; 
*/ 

critical_force, P<sub>cr</sub> :REAL; 
moment_of_inertia, I : 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_lengt.h_factor>*<undeformed_length>))"; 
r2 : "<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_co!umn SUBTYPE_OF buckling_column ; 
RELATIONS 

r3 : " <effective_length_factor> == 0.7 "; 
END_COB; 

COB fixed_fixed_column SUBTYPE_OF buckling_column ; 
RELATIONS 

r4 : " <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_stoiage_primitive SUBTYPE_.OF discrete_primitive; 
END_COB; 

COB multiport_I SUBTYPE_OFenergy._storage_primitive; 
END_COB; 

COB uniportj SUBTYPE_OF multiportj; 
END_COB; 

COB point_mass SUBTYPE_OF uniportj; 
END_COB; 

COB multiport_C SUBTYPE_OFenergy_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>l</sub> : REAL; 
endO, x<sub>2</sub> : REAL; 
length, L : REAL; 
total_elongation, &Delta;L : REAL; 
force, F : REAL; 

RELATIONS 
rl 
r2 
r3 

"<length> == <endO> - <start>"; 
"<total_elongation> == <length> - <undeformed_length>"; 
"<force> == <spring_constant> * <total_elongation>"; 

END_COB; 

COB junction_structure SUBTYPE_OF discrete_primitive; 
END_COB; 

COB multiport_R SUBTYPE_OF junction_structurc; 
END_COB; 

COB uniport_R SUBTYPE_OF multiport_R; 
END_COB; 

COB zerojunction SUBTYPE_OF multiport_R, 
END_COB; 

COB onejunction SUBTYPE_OF multiport_R; 
END_COB; 

COB rigid_connection SUBTYPE_OF onejunction; 
END_COB; 
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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 elTort_variable; 
END_COB; 

COB torque_variable SUBTYPE_OF ei'fort_variable; 
END_COB; 

COB voltage_variable SUBTYPE_OF efforl_variable; 
END_COB; 

COB temperature_variable SUBTYPE_OF effbrt_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 geneialized_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_vclocity_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_COB; 

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 linear_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_OFencrgy_variable; 
END_COB; 

COB translational_potential_energy_variable SUBTYPE_OF q_type_energy_variable; 
END_COB; 

COB p_type_energy_variable SUBTYPE_OF energy_variable: 
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_displaeement_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_OFdefinition_variable; 
END_COB; 

COB factor_of_safety SUBTYPE_OF definition_variable; 
END_COB; 

COB definition_model SUBTYPE_OF analysis_primitivc; 
END_COB; 

COB margin_of_safety_model SUBTYPE_OF definition_model; 
/* 

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>/<delermined> - 1 "; 

END_COBr 

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; 
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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_]ink_geomeiric_model ROOT_COB flapjink; 

COB part; 
/*part_number : STRING;*/ 
designer : STRING; 
material : STRING; 

END_COB; 

COB flap_link SUBTYPE_OF part; 
part_number: STRING; 
1 : REAL; 
w : REAL; 
t : REAL; 
area :REAL; 
volume : REAL; 
weight: REAL; 
inertia: REAL; 

RELATIONS 
PRODUCT_RELATIONS 

prl : "<area> == <w>*<t>"; 
pr2 : "<volume> == <!>*<w>*<t>"; 
pr3 : "<weight> == <volume>*<material.density>"; 
pr3 : "<inertia> == ((<w>*<t>**3)/12.0)"; 

END_COB; 

END_SOURCE_SET; 

USE_FROM lib/materials.cos AS_SOURCH_SETS; 

LINK_DEFINITIONS 
flap Jink_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) 

(lo2cld case) 

DATA; 

INSTANCEJDF flap; 
/* Eom Data*/ 
gl : ?; 
g2:?; 
obj : ?; 
area : 1.0; 
cbaml: "huseyin"; 
cbam2: "huseyin"; 

cbaml.associated_condition.description : "flaps down" ; 
cbaml.associated_condition.reaction : 10000.0 ; 
cbaml.stress_mos_model.margin_of_safety : ? ; 

ENDJNSTANCE; 

END_DATA; 

DATA; 

/* Cbam Data */ 

INSTANCE_OFlink_torsional_model; 

link: "XYZ-510"; 

associated_co.ndition.description : "2G dive" ; 
associated_condition.reaction : 5000 ; 
stress_mos_modeI.allowable : ? ; 
stress_mos_model.determined : ? ; 
stress_mos_model.rnargin_of_safety : ? ; 
twist_mos_model.allowable : ? ; 
twist_mos_model.determined : ? ; 
twist_mos_model.margin_of_safety : ? : 

deformation_model.theta_start: ?; 
deformation_model.theta_end : ?; 
deformation_model.twist: ?; 
deformation_model.torque : ?; 
deformation model.radius : ?: 



deformation_model.polar_moment_of_Jnertia: 

deformation_model.undeformed_length : ?; 
deformation_model.reference_temperature : ?; 
deformation_model.temperature : ?; 

deformation, 
deformation. 
deformation, 
deformation, 
deformation, 
deformation, 
deformation, 
deformation, 
deformation, 
deformation, 
deformation, 
deformation, 
deformation 

.model. 
model. 
model. 
model. 
model, 
model. 
model, 
model. 
model. 
model. 
model. 
model. 
model. 

materia 
materia 
materia 
materia 
materia 
materia 
materia 
materia 
materia 
materia 
materia 
materia 
materia 

.model.youngs_modulus : ? ; 

.model.poissons_ratio : ? ; 

.model.cte : ? ; 

.model.strain : ? ; 

.model.shear_modulus : ? ; 

.model.stress : ? ; 
_model-shear_stress : ? ; 
.model.shear_strain : ? ; 
.model.thermal_strain : ? ; 
.model.elastic_strain : ? ; 
.model.temperature_change : ? 
.model.name : ? ; 
.model.yield_stress : ? ; 

ENDJNSTANCE; 

INSTANCE_OFlink_extensional_model; 
name : "huseyin"; /* 032399 for optimization link */ 
link: "XYZ-510"; 

associated_condition.description : "Haps down" 
associated_condition.reaction : 10000 ; 
stress_mos_model.allowable : ? ; 
stress_mos_model.determined : ? ; 
stress_mos_model.margin_of_safety : ? ; 
deformation_model.start: ?; 
deformation_model.end : ?; 
deformationjnodel.length : ?; 
deformation_model.total_elongation : ?; 
deformation_model. force : ?; 
deformation_model.area : ?; 
deformation_model.undeformed_length : ?; 
deformation_model.reference_temperature : ?; 
deformation_model.temperature : ?; 

deformation_model. materia 
deformation_model.materia 
deformation_model.materia 
deformation_model.materia 
deformation_model. materia 
deformation_model.materia 
deformation_model.materia 
deformation_model.materia 
deformation_model. materia 
deformation_model.materia 
deformation_ model. materia 
deformation model.materia 

_model.youngs_modulus : ? ; 
_model.poissons_ratio : ? ; 
_model.cte : ? ; 
_model.strain : ? ; 
_model.shear_modulus : 1 ; 
_model.stress : ? ; 
_model.shear_stress : ? ; 
_model.shear_strain : ? ; 
_model.thermal_strain : ? ; 
_model.elastic_strain : ? ; 
_model.iemperature_change : ? 

model.name : ? ; 
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deformation_model.material_model.yield_stress : ? ; 

ENDJNSTANCE; 

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 : ? ; 
buckling_mos_model.determined : ? ; 
buckling_mos__model.margin_of_safety : ? ; 
deformation_model.critical_force : ?; 
deformation_model.effective_lcngth_faclor : ?; 
deformation_model.effective_length : ?; 
deformation_model.moment_of_inertia: ?; 
deformation_model.area: ?; 
deformation_model. materia 
deformation_model.materia 
deformation_model. materia 
deformation_model. materia 
deformati on_model. materia 
deformation_model. materia 
deformation_model. materia 
deformation_model.materia 
deformation_model. materia 
defonnation_model.materia 
deformation_model. materia 
deformation_model. materia 
deformation_model.materia 

ENDJNSTANCE; 

END DATA; 

DATA; 

/* Apm Data */ 

INSTANCE_OF flapjink; 
part_number : "XYZ-510" 
designer: "J. Smith" ; 
material : "steel" ; 
1 :17.0; 
w:1.0; 
t:?; 
volume : ?; 
weight: ?; 
area : ? ; 
inertia: ?; 
END INSTANCE: 

_model.youngs_modulus : ? ; 
_model.poissons_ratio : ? ; 
_model.cte : ? ; 
_model.strain : ? ; 
_model.shear_modulus : ? ; 
_model.stress : ? : 

model.shear_stress : ? ; 
_model.shear_strain : ? ; 
_model.thermal_strain : ? ; 
_modeI.elastic_strain : ? ; 
_model.temperature_change . ? 
_model.name : ? ; 
_model.yield_stress : ? ; 
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