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Introduction

Georgia Tech thanks Boeing for the opportunity to respond to this Request for Information (RFI).  The Common Structures Workstation (CSW) vision embodies many exciting challenges, and we would welcome being part of the team that makes it a reality.

This response contains the following:

· Our overall approach to the RFI

· An overview of areas where we feel we can contribute the most

· Answers to the RFI questionnaire

· Appendices with background material about our potential contribution areas

Approach

Given the broad scope and wide range of skills needed for CSW, we have approached the RFI from this perspective: "How can CSW benefit the most from our capabilities within the university context?" While we are generally not a software vendor with 24x7 1-800-number support
, we have people skilled in both the engineering and information technology domains relevant to CSW, and we have good working relations with Boeing from the corporate level to the individual level.   

Table 1 - Potential GIT Contributions to CSW Effort

Area
Primary Contact

General RFI Response
Russell Peak

1 Engineering Information Technology
Russell Peak

· Interoperability architectures


· Analysis template representations


· CAD-CAE associativity, design-analysis integration


· Web & Internet techniques


· Development & testing


2 Design Methods
Jim Craig

· Interoperability with conceptual and preliminary design


· Technology identification, evaluation, selection (TIES)


· Computing frameworks for design methods


· Probabilistic methods, optimization, design intent, …


3 Structural Engineering Methods


· Composites durability
Ramesh Talreja

· Mechanics of flexible linkages
Other GIT faculty and researchers

· Cross sectional properties of anisotropic bodies
   "

· Material properties


· Etc.
   "

4 Review of Software Development & Life Cycle Plans
Mac Will

· Analysis template experiences in civil engineering


· Development teams and support


· Certification considerations


We realize that neither we nor other potential team members will likely achieve the complete CSW solution alone.  Hence, Table 1 summarizes areas where we can work with Boeing and the CSW team and together find the answers.  

1) We have experience in software frameworks and information technology, along with the peculiar challenges the engineering domain places on them. Our analysis template representation and CAD-CAE associativity experiences are particularly relevant to CSW.  We can help with system development (especially with architectures and CATIA interfacing), and we have a unique and eager talent pool for developing templates and test scenarios.

2) Novel design methods have been recently developed, and new ones are coming that will make concepts like "multi-function optimization" feasible (where optimization evolves the detailed product definition based on DR&O, not just idealized parameters).  The methods will show how to use the analysis templates and interoperability addressed in the first item (including at the subsystem and part levels).  In fact, we believe they have the potential to enable analysis template-aided synthesis of designs, a step beyond after-the-fact verification of designs.

3) Expertise in various structural mechanics domains is another potential contribution.  For example, we could help provide enhanced analysis methods for composites durability and damage tolerance.  This could involve enhancing or creating new analysis template content for use in the CSW environment.

4) The CASE Center is distinctive at Georgia Tech in that it develops, markets, and supports a commercial software system for the civil engineering domain (GTSTRUDL).  Thus this experience can provide an independent perspective to constructively critique CSW development and support plans.  The analogous situations and contrasts in GTSTRUDL could help identify and clarify CSW issues earlier in the development process.

The proceeding sections describe these areas further.

Summary

This document responds to the Boeing CSW RFI by identifying areas where together we can make the greatest impact.  Our depth and breadth of experience in engineering design, methods, computing, and information technology, coupled with our university environment, would bring a unique perspective to the CSW team.  We look forward to further dialogue and appreciate the opportunity to be involved with CSW.

Engineering Information Technology 

More and more, people are realizing that achieving enhanced engineering environments like CSW requires better information interoperability as opposed to just increased computing speeds.  This section overviews Georgia Tech capabilities in this area, with the last subsection suggesting ways we could work with the CSW team.  

As we reviewed the CSW document, the following thoughts came to mind in this area: 

· No single software architecture, vendor, or tool exists today which does what CSW needs

· Major gaps are present in engineering computing practice, today including areas like:

· Fine-grain CAD-CAE associativity (Figure 1)

· Representation of analysis concepts as reusable modular building blocks

· Pullable views (including automated analysis documentation)

· Tool interoperability

· Integration with design methods

· The challenge is not necessarily improving the internals of vendor tools, and more subtly, it is not necessarily creating better connections directly between existing tools.  We believe new types of tools and information representations are required that sit between existing capabilities in order to achieve flexible interoperability.  Thus, CAD and FEA tools with open APIs are a good start, but such capabilities alone are not likely to be sufficient.
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Figure 1 Missing fine-grained associativity: a major factor in the interoperability gap [Peak et al. 1999a]

· Just as moving drafting from pencil and paper to computer-based 2D drafting did not address the real issues, we must be careful to look beyond simply automating any existing manual-oriented practices.

The following overviews our experience towards addressing such issues.  See Appendix 1 for further information.

1.1 Analysis Integration for Simulation-Based Design

The attachments in Appendix 8 are recommended companion reading for this section.  
Those documents contain more examples, and this section contains updated perspectives. 

1.1.1 CAD-CAE Interoperability Experiences
Today, computable relations between diverse engineering models are largely lacking.  For example, explicit associativity between a detailed design model and its analysis models is rarely articulated in any form (Figure 1).  This idealization knowledge and other analysis intent are not captured, thus limiting reusability, automation, and traceability.  We have developed a multi-representation architecture (MRA) for analysis integration in CAD/CAE environments with high diversity (e.g., diversity of parts, analysis discipline, analysis idealization fidelity, design and analysis methods and tools). This approach uses constrained objects (COBs) [Wilson, 2000] to normalize diverse distributed tools into a constraint graph framework as white box relations.  Their product-specific context automatically invokes such tools (e.g., FEA) and automatically uses the results, in contrast to the typical user-operated data exchange approach.  Applications to date include STEP AP210-driven circuit board thermomechanical analysis, electronic chip package thermal resistance analysis, air frame structural analysis, plug-and-play analysis service bureaus for supply chains, and CORBA-based analysis solvers with worldwide Internet accessibility [Peak et al. 1997-2000; Scholand et al. 1999; Koo, 2000].  These provide a wealth of test cases that drive development of generalized techniques.

The multi-representation architecture (MRA) has been conceived with intermediate representations as stepping stones to achieve the flexibility and modularity dictated by the above simulation-based design & engineering (SBD/E) needs (Figure 2a).  Employing an object-oriented approach, these intermediate representations are natural ontologies of engineering concepts that occur between traditional design and analysis models.  

In the MRA conceptual architecture, solution method models (SMMs) are object-oriented wrappers around detailed solution tools that obtain analysis results in a highly automated manner.  They support white box reuse of existing tools (e.g., FEA tools and in-house codes) within an integrated framework. Analysis building blocks (ABBs) represent analytical engineering concepts as semantically rich objects independent of solution method and product domain.  ABBs generate SMMs based on solution technique-specific considerations such as symmetry and mesh density.  Analyzable product models (APMs) represent design-oriented details, providing a common stepping stone to multiple design tools and supporting multi-fidelity analysis idealizations [Tamburini, 1999].  Finally, context-based analysis models (CBAMs) explicitly represent the fine-grained associativity between a design model and its diverse analysis models (i.e., between ABBs and APMs).  CBAMs are also known as analysis modules and product-specific analysis templates. 

The Figure 2b illustrates these concepts via a solder joint analysis example [Peak et al. 1998].  Due to the coefficient of thermal expansion mismatch between the printing wiring board (PWB) and component, the solder joint deforms under thermal loads.  The goal of this analysis model is to compute the resulting strain in order to estimate solder joint fatigue life.  The left portion of (b) shows design-related details of APM entities: the cross-section of a component, a PWB, solder joints, and epoxy.  The assembly of these entities is another APM entity, a PWA component occurrence, c.  On the right, the ABB is a generic analysis system, Plane Strain Bodies System, that can be used in analyses for multiple types of products.  It is composed of plane strain body analytical primitives, which encapsulate associated constitutive relations and kinematic assumptions.  In this case the ABB system obtains its solution using a discretized approximation in traditional FEA tools (via SMMs). 

The CBAM, Solder Joint Plane Strain Model, contains associativity linkages, 2 similarly specifies the material model for body1.  Continuing this approach, the relationship between the design model and each parameter in the idealized analysis model is explicitly represented.
1, of the detailed APM component entity).  Linkage 1 explicitly specifies that the height of ABB body1, h1, equals the total height of the component, hc (a geometric idealization, i, which indicate how the APM design entities are idealized as homogeneous plane strain bodies in the ABB.   For example, linkage 
While the top portion in (b) shows this design-analysis associativity informally, the lower portion is a constraint schematic - a structured information model that specifies all associativity linkages.  As constrained objects (COBs), these product-specific analysis models also have underlying lexical forms that drive the implementation.

Overall this extended MRA approach addresses fundamental issues by dividing the CAD-CAE gulf into natural object-oriented packages that include explicit associativity.  CSW could leverage and extend such techniques to significantly increase analysis automation (enabling earlier and more numerous trade-off studies) and knowledge capture (enabling reusability and corporate memory retention).

1.1.2 Reference Implementation: XaiTools

XaiTools™ is a Java-based toolkit that has focused on the fine-grained associativity between design models and their various analysis models.  This framework tool provides a reference implementation of the MRA in which design-analysis interoperability is achieved at the analysis template level.  
Figure 8
 includes the current and foreseen system architecture.  Whereas this architecture shows how tools and information resources interoperate at the system level, the MRA (Figure 2a) is a conceptual architecture showing how different types of design and analysis objects interoperate at the attribute-relation level.  

Appendix 1 describes usage of XaiTools to create domain-specific tools for circuit boards and electrical chip packages, each of which have been undergoing pilot production industrial usage.  See Section 1.3 regarding our approach to getting these types of capabilities into regular production usage.

1.1.3 Generalized Interoperability via Constrained Objects (COBs)
The above work has focused on core CAD-CAE interoperability, but we believe such an approach may be applicable to other CSW needs.  Extended COBs are envisioned as a way to represent computable associativity among other types of objects in CSW.  I.e., workflow and decision support problems, product functions and requirements, and product forms (shape, material, features) may be representable as COB-based templates. 

Experience has shown that true interoperability occurs at the COB level rather than at the direct tool-to-tool data exchange level.  Consider the tutorial example in Figure 3 for a mechanical part, which exercises the diversity dimensions supported in the MRA.  There are three product-specific analysis templates (CBAMs) for this part, with two being different fidelities of the same behavior (extension), and one being for another behavior (torsion).  Two different solution methods are utilized (FEA and math solvers), and product information comes from two design sources, including CATIA for geometric CAD attributes.  Figure 5 is the analysis template for the 1D flap link extensional rod model.  Note all the different types of information it pulls together.  Figure 4 is the complete COB template-based constraint schematic for the Figure 3 examples.  It graphically shows that the constraint graph is what provides the flexible, diverse multi-fidelity, multi-directional connections between representative CAD and CAE tools.  COBs represent and perform the transformations among these heterogeneous models.  Modular reuse of generic analysis templates (representing mechanics of materials entities) is also illustrated.  Figure 6 shows the multi-directional capabilities of such templates (see synthesis and verification discussion in Section 1.2).  

Figure 7 is an air frame example further illustrating that inside such templates is where the information and capabilities of diverse tools naturally converges (e.g., geometry from CATIA is combined with analysis idealization knowledge and Mathematica solver capabilities).  See the Boeing PSI Phase 1 report in Appendix 1 for further details.
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Figure 2 Technology for interoperable analysis templates [Peak et al. 1997-2000; Tamburini 1999]  
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Figure 3 Flexible design-analysis integration using COB-based MRA 
Tutorial examples: “flap link” mechanical part 
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Figure 4  Flap link constraint schematic with multiple analysis templates.
Using constrained objects (COBs) to achieve high diversity fine-grain interoperability
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Figure 5 A product-specific analysis template: where true CAD-CAE integration occurs
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Figure 6  Multi-directional analysis templates (for design synthesis and for design verification)
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Figure 7 Convergence of CAD-CAE interoperability in a COB-based air frame analysis template 
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Figure 8  Towards a product domain-independent system architecture for integrated simulation-based design
(Current & envisioned XaiTools Framework implementation)

Other types of objects similarly need such associativity capabilities (requirements, conditions, etc.), as similar situations exist with them.  A next generation of COB technology is envisioned to support efforts like CSW, with extensions including: i) advanced capabilities such as higher order constraints, subgraph buffering, subsolver architectures
, and procedural-declarative hybrids, ii) embodiment of COB concepts in popular technologies like KIF, STEP, VHDL, and XML, iii) usage of these capabilities in evolving distributed environments, and iv) interoperability with other knowledge-based engineering (KBE) techniques.  

Users with diverse skill levels need to interact with complex types of objects.  In the near future we anticipate developing techniques for COB-based model interaction using interrelated information views.  Existing forms (Figure 9) will be extended, including lexical forms and graphical forms like constraint schematics (Figure 4). New pullable views will be formalized including parameterized figures and automated domain-specific user interfaces.  These techniques will be cast in the form of COB authoring, browsing, and management tools.
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a. COB structure languages
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Figure 9 Lexical and graphical forms of the COB representation [Peak, 2000; Wilson, 2000]

1.1.4 COB-based Information Repositories

As we generalize the COB-based MRA approach and look ahead, we imagine a system architecture like 
Figure 8
 with distributed fine grained associativity enabled by constraint graph formalisms.  Here are some thoughts about this approach: 

· All things will be represented as objects (both regular and COB-based) living in online repositories.

· Multiple repositories will be enabled, with secure, role-based interaction achieved by the below object transportation protocols.  For example we foresee a hybrid of organization-specific repositories plus central repositories (e.g., via technologies like Alibre), where in all cases inter-repository associativity can be controlled at the fine-grained object level.  Depending on affiliations in the product development supply chain, these repositories will reside in a combination of intranets, extranets, and the Internet.

· A standard object repository interface will include the following:

· Technology like OMG CORBA, SOAP, and/or Jini will provide the transportation protocols for distributed object interaction.  

· A standards-based product data management (PDM) wrapper
 will represent the base content common to most objects like access authorization, change management, and effectivity.

· Standards like STEP APs will represent the specific object content for input and output across repository boundaries, with encoding being in forms like XML to leverage widespread appeal and development resources. 

· The specific content structure inside the repositories will have these characteristics:

· Specific structure will be based on standards like STEP where feasible, with augmentation of aspects like inter-standard associativity and fine-grain inter-object associativity as needed. For example, one major type of content is shape representation (geometry) where development is underway
 to capture shape design rationale via parametrics and history-based techniques.

· Each organization / major division will likely have a different internal repository structure due to autonomy and local practice.  Methodologies are needed whereby such organizations can achieve augmented standards-based content like the above.  Techniques like Express-X are likely to enable mappings between the internal augmented structure vs. the standard structure exchanged at the repository interface.

· Applications like CAD and CAE tools will populate, change, and browse the object content via the standards-based repository interface.  In general terms such tools encode the methods/operations of the objects, while the repository encapsulates their data. 

Overall the above envisioned interoperability architecture will leverage industry efforts like OMG's Object Management Architecture and emerging engineering applications
 thereof; extensions include fleshing out their practice with standards like STEP, and extending them with the COB constraint graph abstraction to enable unified fine-grained interoperability.


Figure 8
 and the above description may not be the exact architecture for CSW, but CSW's will likely need similar concepts.  In any case, the development team for such an architecture will need people from key domains across the CSW product development space.  The broad applicability of the architecture should be driven and demonstrated by exercising realistic scenarios within and across these domains. 

1.2 Part/Subassembly Optimization and Interfaces to Next-Level Product Structure

As we understand it, the approach in CSW is to focus on the leaf-level parts/subassemblies and their analyses, as the bulk of labor and improvement potential appear to be in this area.  This focus will enable interoperability between the detailed product definitions, their analyses, and the CAD and CAE tools that create and maintain these relations.  

We think this is a good approach, and that, with a little luck and architectural foresight, the techniques can percolate up to the next levels.  In fact, our hunch is this: if CSW can achieve multi-fidelity, multi-directional, multi-behavior associativity between leaf-level parts and several layers into their next-level sub-assemblies, similar approaches can be used to achieve such interoperability at all product structure levels. 

There are also opportunities to go beyond simulation-based verification of parts & sub-assemblies.  Today tools like ModelCenter (Phoenix) and iSIGHT (Engineous) are bringing optimization and automated trade studies closer to design.  Yet more work is needed, including: concurrent connections to multiple fidelity levels of design (including functional design), usage of analysis templates, and fine grain interoperability.  We believe these capabilities are within reach;  they would enable analysis templates to define, drive, and optimize the early design of parts/sub-assemblies, as well as their more detailed design.  Then finally the whole information flow can be reversed to achieve today's focus: one can then plug the completed designs into the same analysis templates to verify their final form (
Figure 8
). 

Thus we assume it is desirable for the CSW outlook to include:

· Generalized interfaces to subsystem & vehicle aspects above the part/subassembly level (RFI Figure 3)

· Conceptual design and optimization of parts/subassemblies 

It may be possible to architect CSW so that interfaces to subsystem/system/vehicle aspects include the following capabilities (or at least do not hamper their inclusion at a later date):

· Multi-directional information interchange

· Sharing of common information (e.g., load cases and geometry)

· Multi-level, multi-fidelity optimization

1.3 Potential CSW Contributions

Recent advances like the above have brought about key information and computing technologies that may bring significant gains to CSW (distributed computing frameworks, objects, web, constraint graphs, integrated optimization, …).  We are familiar with these technologies and their engineering applications, including an understanding of the following:

· Limitations of current integration technologies

· Solution paths to combine and extend them to meet CSW needs

· Relationships between CSW and higher level systems design processes

Our focus is to develop techniques and specifications for the above, including prototype software with working examples to aid understanding and serve as reference implementations.  Thus we could help with:

· Architecture development, including prototyping

· Specific integration problem areas like analysis template representations and authoring tools, constraint graph management algorithms and techniques, CAD-CAE associativity, and inter-analysis associativity

After the architecture and analysis template languages are setup, we can also help with creating catalogs of analysis templates, and with developing and running test scenarios.

Getting it into production …

To embody these techniques and specifications into production quality software systems, we recommend the following:

a) We can work with CSW vendors to implement the techniques by extending their existing tools and/or creating whole new types of tools.  This approach may be best for non-Boeing-specific aspects for which vendors will likely have other markets.

b) We can work with software developers on the CSW team to implement/extend Boeing-specific tools.

c) We can develop and support custom tools in support of CSW.

2 Design Methods

As currently planned, the CSW will be applied at the preliminary design level and throughout the subsequent detailed design, manufacturing, and operational phases of a product life-cycle. Consequently, considerable attention is given to providing the capabilities to carry out structural analyses on geometric models of increasing detail and complexity.  These are very important issues, to be sure, but the present conceptual model for the CSW (as we understand it) does not address analysis and design issues that will arise at the earlier conceptual design phase, nor does it include issues associated with how the conceptual models, requirements and specifications are transitioned from the conceptual design process.  The importance of strong connections between the conceptual and preliminary design phases (both forward and backward) has been well-established in modern systems engineering methods. As a result, the scope of CSW should include the conceptual design phase, or at least it should provide a nearly seamless integration to this phase.

The Georgia Tech Center for Aerospace Systems Analysis (CASA) and its Aerospace Systems Design Lab and Space Systems Design Lab have been studying these design and system synthesis issues and have focused much of their efforts on the conceptual and preliminary design phases.  The CASA staff are, therefore, well-suited to work with Boeing to make sure that CSW includes the fundamental capabilities for effective operation throughout the total design time-line from conceptual to at least manufacturing phases.  

CASA is developing advanced systems analysis methodologies for aerospace applications that are particularly effective at the conceptual and preliminary design phases for the vehicle and system levels. These methods, including various types of optimization, may also be useful for the conceptual and preliminary design at the sub-assembly and part levels for which CSW is targeted.   Some of the methods have been incorporated in prototype software that is provided for research purposes.  At present, a few of the associated tools have also been made available to CASA sponsors and affiliates.

The following subsections describe some our experiences in these areas as a basis for potential CSW contributions.  See Appendix 2 for further information.

2.1 Technology Identification, Evaluation, Selection (TIES) 

TIES is a key element in a virtual stochastic life cycle design environment that has been under development in CASA for a number of years.  The performance and economic requirements for the sustainment of today’s aerospace systems as well as the creation of future concepts are pushing the limits of present-day technologies.  The need for technology infusion to enable their technical feasibility and reduce the total cost of ownership to the customer is becoming more critical.  Several technology combinations that could potentially fulfill these demands are often available, but the quantification of their benefits and adverse effects when integrated, as well as their costs and the associated risks are still major issues.  As a decision-maker in the early phases of a program, a rapid and accurate selection method for the proper mix of technologies is imperative to properly allocate program resources.  The beginning steps of an efficient decision making tool have been implemented in what is called the Technology Identification, Evaluation, and Selection (TIES) method
.  This method is generic enough to be applicable for any system
, and it provides the foundation for a traceable technology selection method for aerospace systems.  The TIES framework, originally created by CASA for the Office of Naval Research (ONR), is a good example of the kind of analysis, simulation, and decision-support processes that should be accommodated in the planned CSW.  While TIES is clearly a systems level methodology, it must interact with discipline-specific subsystems such as the structural system.  At the same time, there is no inherent reason why the TIES methods cannot also be applied at disciplinary subsystem levels as well.  Figure 10 summarizes the TIES method and includes the following steps:

1. Defining the Problem: Once the need for a new product is established, the designer must translate the “voice of the customer” into the “voice of the engineer/designer” which entails the mapping of qualitative needs/requirements into system product and process parameters.  Note that the “customer” need not be an external entity, but could also represent requirements wholly internal to the engineering and manufacturing organization.

2. Baseline and Technology Identification: When designing a complex system, there exists a multitude of combinations of subsystems and attributes that may satisfy the problem definition.   A functional and structured means of decomposing the system is through the use of a Morphological matrix.  This matrix aids the decision maker/designer in identifying possible new combinations of technologies to meet the customer needs.

3. Modeling and Simulation: A (structural) modeling and simulation environment is needed to quantitatively assess the metric values for the technology sets identified from the Morphological matrix.  In the conceptual stages of design, rapid assessments are desired so that tradeoffs can be performed with minimal time and monetary expenditures.  These tradeoffs are typically performed in a monolithic sizing and synthesis code.  Most of the existing public domain codes are based on historical data for evolutionary concepts.  If the designs of interest fall within this range, the sizing and synthesis codes can accurately assess the objectives.  Yet, for a revolutionary concept, the validity of the results will be questionable.  This inability can be overcome through direct linking of more physics-based analytical models, or through the use of meta-models to represent the physics-based analysis tool.

4. Design Space Exploration: The (structural) design space exploration begins by establishing the datum values for all metrics of interest.  The design space (represented by the design parameter variation) of a conventional configuration is initially investigated and baseline values quantified.  Similar to the technology attributes of the Morphological Matrix, there exists an "infinite" number (for practical purposes) of design variable combinations or settings.  There are three methods by which this space can be investigated for feasible solutions1
5. Feasibility Assessment of Concepts: The evaluation of (structural) concept feasibility is based on the value of the probability of a given metric for the specified target value on the CDF.  For example, if a metric has an 80% chance of achieving the target, the decision-maker may assume that it is no longer a constraint and does not warrant further investigation.  Yet, a low probability value (or small confidence) of achieving a solution that satisfies the constraints implies that a means of improvement must be identified.  This includes, but is not limited to, the infusion of new technologies.  The need for the infusion of a technology is required when the manipulation of the variable ranges has been exhausted, optimization is ineffective, constraints are relaxed to a limit, and the maximum performance attainable from a given level of technology is achieved.  This is done through the Technology Impact Forecast (TIF) method.

6. Robust Design Simulation (RDS) and JDPM: One result from the TIF is the response surface equations  (RSEs) that expresses the metrics as a function of the technology K-factors.  These RSEs can be used to investigate the probabilistic nature of uncertainty by assigning probability distribution to each K-factor.  Then, using the JDPM technique
, an optimization scheme is used to determine the best alternative.  In addition to JPDM, Multi-Attribute Decision-Making (MADM) methods could also be employed to address situations when quantitative data is not available.
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Figure 10: The TIES Methodology

The TIES methodology has been applied at the systems level in design studies of several different aerospace systems beginning with the HSCT, and it has also been applied at the subsystem level to turbine engine propulsion systems.  Applications in the structures subsystem, including aeroelastic and manufacturing interaction, are currently an active research topic within CASA.

2.2 Computing Frameworks for Design Methods

Beginning with the earliest research in design methods at Georgia Tech in the late 1980’s, concurrent efforts were also initiated to develop software implementations.  As the interdependence between new design methods and their implementation in software became more pronounced, this effort turned towards the development of design frameworks capable of supporting a broad range of design methodologies.  The earliest work was called LEGEND (Laboratory Environment for Generation, Evaluation and Navigation in Design)
.  This preliminary effort was followed by a significant extension of the work and a practical implementation in the IMAGE
 framework.  IMAGE is presently available as a research prototype at (http://www.asdl.gatech.edu/image/) and should be released in open source form shortly.  IMAGE (Intelligent Multi-disciplinary Aircraft Generation Environment) is a prototype design framework with an object-oriented database supporting schema evolution and instancing, a process manager, and agent facilities.  A number of the advanced design methods developed at Georgia Tech have been implemented in IMAGE for test and evaluation.

2.3 Other Design Methods Expertise

Georgia Tech has experience in other design method areas including:

· Designing with uncertain/non-deterministic information (probabilistic methods)

· Capture of design intent (e.g., mappings between DR&O, function, form, and behavior)

· Multi-disciplinary optimization

2.4 Potential CSW Contributions

We feel our faculty, staff and graduate research assistants could play a valuable role as “consultants” to Boeing in several areas associated with the CSW.  These include:  (a) helping to define CSW requirements for effective integration into conceptual design phases, especially in those areas where detailed geometric models may not be readily available, or may not yet have been defined, (b) helping to define testing and evaluation scenarios to help Boeing validate the effectiveness of proposed CSW elements and subsystems, especially in areas related to conceptual and preliminary design activities, and (c)  providing prototypes of key software tools that might be used to implement the integration of analysis, simulation, and decision-support tools in the design process.  

In summary, Georgia Tech could work with Boeing to identify, develop, and insert design methods like the above into the CSW environment. This would impact how CSW is used to fulfill its purpose, especially with regards to interfacing with the system and vehicle level models, as well as part and subassembly design optimization. 

3 Structural Engineering Methods

Georgia Tech has expertise in structural engineering, spanning areas of materials science, mechanics of materials, structural analysis, computational mechanics, and design. The number of faculty members involved in one or more aspects of structural engineering are estimated to be more than 30 and are affiliated with schools of Aerospace Engineering, Civil and Environmental Engineering, Materials Science and Engineering and Mechanical Engineering. The expertise may be grouped in the following three areas:

· Materials selection and evaluation

· Structural analysis

· Durability and damage tolerance

The materials treated in the areas of expertise range from metals, polymers and ceramics to composites with these constituents. There are two campus wide centers that coordinate interdisciplinary efforts in these areas:

· Composites Education and Research Center (CERC)

· Mechanical Properties Research Laboratory (MPRL)

Brief descriptions of these centers are given in Appendix 3.

3.1 Example Area: Durability Assessment of Polymer Matrix Composites

As one example of how our expertise can serve the Boeing CSW needs, we describe briefly a methodology for durability assessment of a complex shaped structure made of polymer matrix composites (PMCs), see Figure 11. The first step in the procedure is to conduct a structural analysis using standard FE codes. Such codes can identify “hot spots” on the basis of some stress function-based criteria, e.g., the quadratic Mises yield function or a polynomial failure function for anisotropic materials. Our methodology proceeds further by applying sophisticated damage mechanics analysis incorporating the observed physical mechanisms of damage such as matrix cracking and delamination and accounting for polymer aging and viscoelastic effects. This multi-scale analysis provides damage evolution and stiffness/strength degradation kinetics, which are utilized to conduct an iterative structural analysis, resulting in reliable predictions of durability and damage tolerance. This methodology is a significant advance from the current fracture mechanics-based approach, which relies heavily on materials and structural testing.
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Figure 11 - Flow diagram for life assessment of a polymer matrix composites (PMC) component
3.2 Other Areas

Numerous groups and faculty at Georgia Tech have capabilities ranging across the spectrum of structural mechanics specialties. A few may be of potential interest to CSW because they involve significant software development efforts and have resulted in prototype codes that have been released to industry.  Two particularly interesting examples are:

1. Mechanics of flexible linkages

2. Cross sectional properties of anisotropic bodies

Flexible multi-body dynamics is a very important area of aerospace engineering, especially in the field of rotor mechanics.  A number of commercial codes can handle multi-body rigid dynamics, but the DYMORE
 code under development at Georgia Tech is one of the few that can handle flexible bodies including both geometric and material nonlinearities.  DYMORE is currently implemented in a finite element based prototype code with a built-in graphical user interface.  The code has already been successfully interfaced to CATIA (to define the geometric models for the multi-body system), and it is being evaluated in research projects at several helicopter companies.  

The VABS
 code implements a variable asymptotic method for computing cross section properties for beams constructed from heterogeneous isotropic or anisotropic (composite) materials.  The code is capable of generating all the coupling coefficients for both straight and curved beams.  The prototype code is also under investigation for application at several helicopter companies.  It has been interfaced to CATIA (definition of the beam geometry) and it has been coupled with DYMORE (to define properties for advanced beam-like composite structures).

3.3 Potential CSW Contributions

Georgia Tech can work with Boeing to enhance structural mechanics methods like the above.  With respect to the CSW, this would involve adding and/or adapting techniques like those listed in RFI Section 4.5.1 (BCAG Requirements) and RFI Appendix B (Required Standard Analysis Methods).  In general, for key areas we could work with Boeing to identify: 

1) Needs beyond current practice.

2) Work that is ready to be formulated into computing tools/templates (we may have prototype tools which can illustrate the structural mechanics methods; it could be possible to commercialize them or provide them to CSW by other means for maintenance and support).

3) Potential research effort for further enhancements.

4 Review of Software Development & Life Cycle Plans

For twenty-five years, the Computer-Aided Structural Engineering Center (CASE Center) at Georgia Tech has been developing and licensing a structural engineering software product called GTSTRUDL. GTSTRUDL is used by industrial organizations, constructions firms, utilities, and manufacturing companies for the structural analysis and design of a variety of structures. GTSTRUDL is validated and certified in full conformance to the applicable provisions of the United States Nuclear Regulatory Commission software quality assurance and quality control regulations.  Further information is available at http://www.gtstrudl.gatech.edu/.

4.1 Potential CSW Contributions

The CASE Center has worked with several CAD companies in developing or assisting in the development of interfaces between GTSTRUDL and other products. Due to this unique experience in a university environment, the CASE Center is able to provide a review of CSW specification, maintenance, support, quality control, and certification plans.

Answers to RFI Questionnaire 

1. Describe your recommended overall design for the computing system, architecture, hardware and software infrastructure that satisfies the DR&O for a CSW. 

For elements to consider, see Sections 1 and 2, especially with regard to the MRA and XaiTools (Figure 2 and 
Figure 8
) and IMAGE.

In an nutshell, many of the different types of CSW objects would likely be captured as follows in the appropriate MRA template ontology:

APMs: CATIA models merged with library objects (materials, fasteners, …) and augmented with idealizations.

ABBs:  Most of the product-independent engineering concepts in RFI Section 4.5.1 (BCAG Requirements) and RFI Appendix B (Required Standard Analysis Methods).

CBAMs: Most of the product-specific 10,000 templates existing today (minus the product-independent ABB ones), but with the addition of explicit associativity to the product definition (APM)

SMMs:  The raw solution tool inputs & outputs (e.g., relatively low level FEA model details like nodes and elements).  These would be wrapped in ABBs and then CBAMs, as they give SMMs their context.

2. Considering the current Boeing computing architecture, describe your recommendations for the shorter term, through the year 2001, and also the longer term through 2005.

See Figure 12 regarding incremental development and phased production releases.  We could do development to help define the longer term next-generation architecture, along with architectural roadmaps to get from here to there. 

The following figures
 illustrate high level versions of an example architecture road map.  Phase 2 road mapping could follow a similar approach, but define each version and component at an increased level of detail. 

Architecture for Version A
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where:

API = application programming (or procedural) interface

COB = constrained object

SAM = stress analysis manager

SCN = strength check note

Architecture for Version B
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Architecture for Version C
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Architecture for Version D
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3. Short of a complete reengineering solution; describe how your product and/or services could enhance our current system.

The focus of much of our research at Georgia Tech has been on design methodologies for complex systems, integrated product and analysis models, and computational design frameworks (see Sections 1 and 2 above).  While much of this work has greater implications for the long-term development of the CSW, in the near term, our research results and prototype software implementations could be used effectively to plan and implement some of the modeling and tool integration tasks associated with the CSW.  Two examples illustrate these points.  

The IMAGE prototype design framework implements a number of advanced software engineering concepts used to wrap and integrate modeling, analysis, and simulation tools into a decision-making design process.  This code is documented in a doctoral thesis and has been used for ongoing research.  The code is also available via an open web site at Georgia Tech.  As a second example, one of the integration elements in IMAGE is a tool used to provide dynamic linking between analysis and simulation tools and the CATIA geometric modeling software.  Again, this code is available in prototype form.

The XaiTools implementation of the MRA, with its analysis template languages is described in Sections 2.  Compared to IMAGE, it provides another piece of the architectural solution path puzzle, with its emphasis on fine grain CAD-CAE associativity.  It uses the CATIA linkage facilities in IMAGE.

4. From a Project Management perspective, describe how you would approach a development, integration, and implementation software project.

This is one approach regarding phases and team modularity:

· Use a phased approach with incrementally larger sets of capability, people (developers and users) and templates (Figure 12).

· Start with a smaller group of people to develop an architecture roadmap. Define target versions with working subsets.

· Define architecture systems using object-oriented principals to facilitate creation of object-oriented, modular development tasks with well-defined boundaries and interactions.

Figure 12 overviews this approach to develop and implement the next-generation production architecture for CSW.  Phase 1 is assumed to be recent related work at Boeing and the current RFI and RFP activities.  Phase 2 stages involve a relatively small but focused team to develop an architecture roadmap and demonstrate architecture versions that will support incrementally enhanced capabilities. Each stage of Phase 2 includes working demonstrations of the focus architecture version and refinement of the next version (see Figure 12 Key).  Phases 3-6 implement the architecture versions with increasingly larger sets of test users and templates to ensure adequate functionality and scalability.  

Phase 3 is the leading edge production phase, which evolves the architecture through two production implementations for a small set of users and templates (e.g., lug and fitting families).  The first production release focuses on fortifying a basic architecture subset from early prototypes of the next-generation CSW architecture.  Ideally early architecture versions will demonstrate key capabilities including modular reusable templates with CATIA geometry associativity.  While users and developers gain experience with such capabilities, subsequent Phase 3 stages continue adding architecture functionality with the same analysis template set until the complete production architecture is achieved (Arch. v4).  

Phase 4 takes a similar approach with a larger subset of users and templates (for a total of 12).  Phases 5 and 6 start with later architecture versions (but later user and template sets).  Major implementation ends with full production usage of the completed architecture (Arch v4 in Phase 6).  Creating production releases at other points during the various phases could be evaluated as the project progresses; these would likely prove valuable to help maintain momentum and stakeholder buy-in.
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1.0 Background work, RFI, RFP

Phase 1:


Figure 12 Suggested CSW development and implementation phases

To help ensure the best feasible approaches are used, participation by an independent 3rd party is recommended (i.e., a party without a vested interest in a particular commercial software product for this domain):

· Competing analysis tools and integration technologies are available and must be selected with care with an eye to versatility, adaptability and expandability.

· Boeing may have competing internal tools and methods

· Boeing may have internal groups that could or would want to develop CSW

· In making project management decisions on which tools and technologies to incorporate, a 3rd party may prove useful in resolving competing interests.

· Georgia Tech, with its breadth of experience and capability across the engineering spectrum, could provide such independent expertise, and therefore clarify many of the hard decisions that must be made in selecting tools, methodologies, etc.

It should be noted that in aerospace systems design research in the early 1990's, Georgia Tech played a similar role.  It was in connection with problems involving the identification of benefits from alternative technologies and their impact on advanced design studies for military aircraft.  We feel that this expertise could be valuable in the design and development of CSW.

5. Describe your Commercial Off The Shelf (COTS) CAE software that would satisfy some or all of the requirements of the DR&O.

Regarding XaiTools and its production-level directions, see Sections 1.1.2 and 1.3.

As stated elsewhere in this document, Georgia Tech has a number of other prototype software implementations of design methods, product and process modeling methods, and structural analysis tools.  However, none of this software is supported in the manner of a commercial product.  In the structural analysis area, prototype software for computing asymptotically exact section stiffnesses for heterogeneous composite beams (VABS
) and for high fidelity simulation of flexible multi-body dynamics, including nonlinear material and geometric effects (DYMORE
) is available in prototype form.

At the same time, Georgia Tech does license the GTSTRUDL finite element structural analysis and design software through the CASE Center in the School of Civil and Environmental Engineering. GTSTRUDL is widely used in the AEC (architectural-engineering-construction) field, and it includes both advanced modeling and analysis capabilities as well as code-based design methods.  The software meets NRC quality assurance standards and is fully supported by the CASE Center, which can also provide extensive user and system support training.  More details are available at http://www.gtstrudl.gatech.edu/.

6. What percentage of our requirements would your COTS software satisfy and what percentage would require custom development?

Regarding XaiTools and its production-level directions, see Sections 1.1.2 and 1.3.

Due to the strong research component of almost all of our work in computational structural analysis and design, most of our contributions would involve custom development.

7. What would you consider your company’s core competencies?

As overviewed in Sections 1-4 above, our core competencies related to CSW are in our broad scope of research in engineering information technology, computational structural modeling, analysis and simulation.  Being a top university in technology transfer, Georgia Tech also has a long history of developing close collaborations with industrial partners to bring these capabilities and research results to practical focus.  A knowledgeable community of CATIA users with an engineering design and analysis bent (including motivated graduate students and faculty) is also a plus (see Appendix 5).

Georgia Tech ranks as a top university along multiple dimensions. As a state-funded national research university, 2000-2001 rankings are as follows according to U.S. News & World Report:

Undergraduate Program

Of all national universities
#40

Of public national universities
#10

Graduate Engineering Program 

Overall
#4

Aerospace Engineering
#5

Civil Engineering
#6

Environmental Engineering
#8

Electrical Engineering
#7

Industrial Engineering
#1

Mechanical Engineering
#6

8. What is the size of your company and how many full time employees do you employ?
Center for Aerospace System Analysis (CASA)
75 faculty/staff/students

Computer-Aided Structural Engineering Center (CASE Center) 
35 full time faculty/staff

Engineering Information Systems Lab (EIS Lab)
15 faculty/staff/students

Undergraduate students:
10,300

Graduate students:
2,500

9. Describe your experience in implementing Computer Aided Engineering (CAE) systems in the past 5 years.  Have you designed and implemented systems similar to the size and scope of The Boeing Company’s?

While Georgia Tech has not implemented CAE systems of the scale of the proposed CSW, it is nonetheless experienced in the development and marketing of CAE software.  For twenty-five years, the Computer-Aided Structural Engineering Center (CASE Center) at Georgia Tech has been developing and licensing a structural engineering software product called GTSTRUDL. GTSTRUDL is used by industrial organizations, constructions firms, utilities, and manufacturing companies for the structural analysis and design of a variety of structures. GTSTRUDL is validated and certified in full conformance to the applicable provisions of the United States Nuclear Regulatory Commission software quality assurance and quality control regulations. The CASE Center has worked with several CAD companies in developing or assisting in the development of interfaces between GTSTRUDL and other products. Due to this unique experience in a university environment, the CASE Center is able to provide a review of CSW specification, maintenance, support, quality control, and certification plans.

The Georgia Tech Research Institute (GTRI) is also experienced in developing and supporting mission-critical software systems, with FALCONVIEW air route planner being a notable example.

10. Do you have experience with Software Development or System Implementation at Boeing?  If so, please explain.

We helped in the PSI effort to develop analysis template languages that support design-analysis associativity with CATIA (Figure 7), modular reuse of templates, automated access to external tools as white box relations in a unifying constraint graph framework, etc.:
Peak R. S., R. E. Fulton, A. Chandrasekhar, S. Cimtalay, M. A. Hale, D. Koo, L. Ma, A. J. Scholand, D. R. Tamburini, M. W. Wilson (Feb. 2, 1999b) Design-Analysis Associativity Technology for PSI, Phase I Report: Pilot Demonstration of STEP-based Stress Templates Georgia Tech Project E15-647, The Boeing Company Contract W309702. http://eislab.gatech.edu/ 

See Appendix  1 for the abstract of this document, which is contained in full as a separate attachment (pdf file).  It is also available at:


http://eislab.gatech.edu/projects/boeing-psi/ 

11. What software development certifications do you have? (e.g., SEI, ISO).

As noted in Question #9 above, the CASE Center has been developing commercial finite element modeling and analysis software that meets the NRC software quality assurance and quality control regulations.  This expertise is accessible to other research and technology transfer efforts at Georgia Tech.

12. Provide an overview of the recommended worldwide-distributed network environment of the future as it relates to Boeing’s computing requirements.

It will likely be one involving a hybrid distributed object computing architecture based on OMG CORBA, and emerging technologies like Sun's Jini.  In XaiTools we have developed CORBA-based solvers (including Ansys and Mathematica) and have demonstrated them with access across the country and around the world.  They are now in pilot production usage.  See the attached X-Analysis Integration technical report for further information.  IMAGE includes distributed computational capabilities based on PVM. (See Sections 1 and 2 above).

Automated synchronization of geographically distributed object repositories is already possible in today's PDM systems, yet they need to expand to allow fine-grained associativity among objects that may be geographically dispersed.

13. Describe new technology trends that will likely influence future directions in CAE.

Sections 1-4 above, including:

· Feature-based, object-oriented CAD and CAE systems

· Interoperability frameworks that support fine-grained multi-directional (non-causal) associativity among diverse objects (vs. traditional sequential thinking) and multi-user distributed co-design.

· Support for uncertainty & probabilistic design 

· Optimization/simulation-based design capabilities (e.g., tools like iSIGHT and ModelCenter, but with enhancements including a next-generation approach to interoperability and analysis templates).

· Efforts like CSW and NASA's ISE will help define and bring about this future

14. Identify what collaboration with other suppliers may be necessary to develop the subject computing system.

A team effort is most likely needed as discussed in Section 1 and Question 4.

15. Provide an itemized, Rough Order of Magnitude (ROM) cost for the software solution elements.

We were not able to do anything meaningful with this question in the available timeframe.  See Question 16.

16. Provide an itemized ROM cost for implementing and integrating this CAE system.

We are prepared to undertake custom development efforts on a level-of-effort basis to implement various portions of CSW.  This could include computational structural analysis methods arising from our research efforts.  Much of this would start from existing prototype research codes.

17. Provide the published price list for your COTS software.

See Question 5.  The only relevant COTS computational structural analysis software offered by Georgia Tech is GTSTRUDL, but it does not appear to be within the scope of the CSW.  Nonetheless, as needed, GTSTRUDL is available at competitive costs.  See the web pages at:  http://www.gtstrudl.gatech.edu. 

Appendices

5 Analysis Integration Technology for Simulation-Based Design

This appendix includes abstracts from selected projects and technique documents for this area. 

Contents

1.2 Selected Project Overviews 

1.2.1 TIGER 

1.2.2 ProAM 

1.2.3 Boeing PSI (our Phase 1 work for PSI)

1.2.4 Shinko Electric

1.3 Selected Technology Overviews & Abstracts

1.3.1 X-Analysis Integration - Georgia Tech Technical Report (includes an annotated bibliography)

1.3.2 Constrained Objects for Engineering Analysis Integration - MS Thesis (Wilson)

1.3.3 Analyzable Product Models - PhD Thesis (Tamburini)

1.3.4 Interfacing Geometric Design Models to Analyzable Product Models - MS Thesis (Chandrasekhar)

1.3.5 Product Data-Driven FEA - MS Thesis (Koo)

5.1 Annotated Bibliography

An annotated bibliography is available in the X-Analysis Integration Technical Report (see Appendix 8, and the last subsection in this Appendix).

Most documents are available online at: http://eislab.gatech.edu/pubs/  (see Suggested Starting Points there).

5.2 Selected Project Overviews 

These documents describe industrial projects and demonstration efforts that utilize the generalized techniques described in the latter portion of this Appendix.

5.2.1 TIGER Project Overview


http://eislab.gatech.edu/tiger/
"Best Distributed Application Using Object Technology"

ObjectWorld'97

The DARPA-sponsored TIGER project (Team Integrated Electronic Response) demonstrates advanced engineering collaboration between primes and suppliers using standards-based design and manufacturing tools. This $1.4M program was initiated in 1995 under funding from DARPA BAA 95-23 via the National ECRC program. 

In the TIGER scenario, a large manufacturer provides its suppliers early printed wiring assembly/board (PWA/B) design information in a standard STEP format (AP210). Suppliers use the TIGER toolset via an Internet-based engineering bureau to supplement this information with their process expertise. Descriptions of their manufacturing capabilities are represented using STEP AP220. They then perform a variety of process-specific design checks, including design-for- manufacturability (DFM) and thermomechanical analyses. As members of the product team, suppliers feedback structured design improvement suggestions via a Negotiation Facility. 

The TIGER scenario has been tested with Boeing and Holaday Circuits as a representative prime and supplier, respectively. Other team members were Arthur D. Little, Atlanta Electronic Commerce Resource Center, Georgia Tech, International TechneGroup Inc., and SCRA (the program lead). 

Experiences indicate TIGER leverages the expertise of suppliers to provide certain design checks that are more precise than those typically done by primes. The Internet-based engineering bureau offers these checks to suppliers on a cost-effective basis ranging from self-service (for highly automated product-data driven routine analyses) to full-service (for challenging new analyses). This paradigm provides suppliers advanced capabilities without requiring expensive in-house tools and expertise. 

Other accomplishments include the world's first usage of the STEP draft standard for PWA/Bs (AP210 DIS) to drive DFM and finite element analyses - all using live data that originates in the Mentor Graphics circuit board layout tool. 

Overall, the advantage of TIGER techniques is the effective inclusion of suppliers in the product team, resulting in cost-saving design improvements and reductions in design iterations from days to hours. 

Georgia Tech 

As members of TIGER with close ties to the Atlanta ECRC, researchers in the Georgia Tech EIS Lab and CASPaR Lab have focused on the engineering service bureau paradigm, the thermomechanical analysis capabilities, and the underlying CAD/CAE integration techniques. 

Atlanta ECRC 

The role of the Atlanta ECRC has been assistance with the electronic commerce context, which deals with business aspects of collaborative engineering such as electronic request for proposals, technical data exchange, and Internet-based security. The AECRC is also helping disseminate guidelines for primes and suppliers on implementing TIGER techniques, as well as hosting the demonstration engineering service bureau. 

5.2.2 ProAM Project Overview


http://eislab.gatech.edu/projects/proam/description/
One key to obtaining quality parts from Small and Medium-Sized Enterprises (SMEs) is their ability to analyze the physical behavior of parts and manufacturing processes. Through techniques such as finite element analysis, SMEs can greatly impact products by optimizing their performance, judging design alternatives, and improving manufacturing yields. However, industry often does not benefit from such analysis due to the lack of easy-to-use product-specific capabilities. This situation is exacerbated in SMEs where limited resources typically preclude having in-house analysis tools and staff. Yet SMEs need analysis capabilities as they are often the ones with the precise product and process knowledge required to realize improvements.

The U. S. Department of Defense Joint Electronic Commerce Program Office (JECPO) has sponsored the ProAM effort with the Army Aviation and Missile Command (AMCOM) as primary stakeholder. Under subcontract to Concurrent Technologies Corp. through the Atlanta Electronic Commerce Resource Center (AECRC), ProAM has focused on improving missile electronics through advanced engineering analysis integration and delivery. This Georgia Tech-led effort has addressed barriers to small & medium-sized enterprise (SME) analysis of product physical behavior with the involvement of Circuit Express Inc. and System Studies and Simulation Inc., two SMEs in the AMCOM supply chain. 

Tools and technologies resulting from the ProAM project include:

· U-Engineer.com, a self/full-serve Internet-based engineering service bureau (ESB) with highly automated analysis modules for printed wiring board (PWB) fabricators and designers.  Some modules, including PWB impedance models and the IPC-D-279 plated-through hole fatigue model, are available for usage via web-based thin clients. Accessing U-Engineer-based solvers as a thick client, XaiTools PWA-B™ provides other tools for PWB layup design and warpage analysis. 

· General ESB and analysis integration techniques underlying U-Engineer, including: 

· A prototype template to aid establishing other Internet-based ESBs via technologies such as thick and thin client tools, CORBA-wrapped analysis solvers, and Internet security . 

· Product data-driven analysis techniques to enable highly automated plug-and-play usage via emerging product standards like ISO STEP AP210 and IPC GenCAM/GenX. XaiTools, the general-purpose analysis integration toolkit underlying XaiTools PWA-B, is highlighted with its integration to commercial CAD/CAE tools and applications to other product domains. 

U-Engineer utilization by SMEs and Primes is highlighted, including solving production problems, evaluating design/process alternatives, and increasing awareness of potential issues. Experience has shown that ProAM technology excels at delivering automated product-specific analysis to places it has never gone before.

While ProAM has focused on tools for the AMCOM PWB supply chain, these same tools and techniques can benefit other industries. Envisioned applications include development of analysis module catalogs for other domains and establishment of company-specific Internet/Intranet-based engineering service bureaus.

5.2.3 Boeing PSI Project Overview

Peak R. S., R. E. Fulton, A. Chandrasekhar, S. Cimtalay, M. A. Hale, D. Koo, L. Ma, A. J. Scholand, D. R. Tamburini, M. W. Wilson (Feb. 2, 1999b) Design-Analysis Associativity Technology for PSI, Phase I Report: Pilot Demonstration of STEP-based Stress Templates Georgia Tech Project E15-647, The Boeing Company Contract W309702. 

See attachment per Appendix 8 for the complete report.


http://eislab.gatech.edu/projects/boeing-psi/
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 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 using 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 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 sizing and inter-analysis associativity.
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5.2.4 Shinko Electric Project Overview

Work-in-progress. This project deals with automating the thermal resistance analysis of electronic chip packages using X-analysis integration technology.  It includes highly automated CORBA-based access to FEA analysis solvers from around the world.  See the Masters thesis by D. Koo for a partial overview (see below and figure in the X-Analysis Integration Technology Overview attachment).

5.3 Selected Technology Overviews 

These documents describe the generalized techniques utilized in diverse projects like the above.

5.3.1 X-Analysis Integration Technology Overview

See attachment per Appendix 8 for the complete report.


http://eislab.gatech.edu/pubs/reports/EL002/
Abstract

This document overviews X-analysis integration (XAI) technology and example applications.  It serves as a guide to recent research and development in this arena carried out by EIS Lab. References to in-depth descriptions of the underlying concepts and applications are included in an annotated bibliography.

5.3.2 Constrained Objects for Engineering Analysis Integration

Reference 

Wilson, M. W. (2000) The Constrained Object (COB) Representation for Engineering Analysis Integration, Masters Thesis, Georgia Institute of Technology, Atlanta. 


http://eislab.gatech.edu/pubs/theses/2000-wilson/
Abstract 

The wide variety of design and analysis contexts in engineering practice makes the generalized integration of computer-aided design and engineering (CAD/CAE) a challenging proposition.  Transforming a detailed product design into an idealized analysis model can be a time-consuming and complicated process, which typically does not explicitly capture related idealization and simplification knowledge.  Recent research has introduced the multi-representation architecture (MRA) and analyzable product models (APMs) to bridge the CAD-CAE gap with stepping stone representations that support design-analysis diversity.  This thesis generalizes the underlying techniques to form the constrained object (COB) representation.

The COB representation is based on object and constraint graph concepts to gain their modularity and multi-directional capabilities.  Object techniques provide a semantically rich way to organize and reuse the complex mathematical relations and properties that naturally underlie engineering models.  Representing relations as constraints makes COBs flexible because constraints can generally accept any combination of I/O information flows.  This multi-directionality enables design sizing and design verification using the same COB-based analysis model.  Engineers perform such activities through out the design process, with the former being characteristic of early design stages and vice versa. 

The COB representation has generalized and extended techniques from the APM representation.  Enhancements include a more efficient constraint processing algorithm, support for external solvers as white-box relations, and improved lexical forms.  With these enhancements, COBs can represent additional types of MRA concepts beyond just APMs, namely analysis building blocks (for design-independent analytical engineering concepts) and context-based analysis models (for explicit associativity between design and analysis models).  

To validate the COB representation, this thesis presents electronic packaging and aerospace test cases implemented in a prototype toolkit called XaiTools™.  In all, the test cases utilize some 260 different types of COBs with some 370 relations, including automated solving using commercial math and finite element analysis tools.  Results show that the COB representation gives the MRA a more capable foundation, thus enhancing physical behavior modeling and knowledge capture for a wide variety of design models, analysis models, and engineering computing environments.

5.3.3 Analyzable Product Models

Reference 
Tamburini, Diego R. (1999) The Analyzable Product Model Representation to Support Design-Analysis Integration. Doctoral Thesis, Georgia Institute of Technology, Atlanta. 


http://eislab.gatech.edu/pubs/theses/99tamburini/
Abstract 

Despite the number of sophisticated CAD/CAE tools available, collecting the product information needed for engineering analysis often poses a significant challenge. Contributing to this is the fact that there is rarely an integrated source of analysis information, since the product development normally involves designers from several disciplines using a variety of independent computing and manual systems. In addition, analysis models need idealized product information, which may require significant simplification or transformation of the design data. Some point-to-point solutions exist that integrate specific design and analysis tools, but the knowledge used to combine and idealize design information for analysis purposes is normally not captured in an explicit reusable and traceable form. 

This thesis introduces a new representation of engineering products - termed Analyzable Product Model (APM) - aimed at facilitating design-analysis integration. This representation defines formal, generic, computer-interpretable constructs to create and manipulate analysis-oriented views of engineering products. These views help bridge the semantic gap between design and analysis representations, providing a unified perspective more suitable for analysis which multiple analysis applications can share. They are obtained by merging design representations from multiple sources and adding idealized information. 

This thesis presents test cases and a prototype implementation used to validate the APM Representation. These test cases, which come from the electronic packaging and aerospace industries, utilize commercial CAD/CAE tools and STEP information exchange standards. 

As these test cases demonstrate, APMs provide a stepping stone between design and analysis which absorbs much of the complexity that would be otherwise passed to analysis applications, resulting in leaner analysis applications. Another key APM distinctive demonstrated is the ability to formally represent the knowledge required to combine and idealize design information for analysis. While such knowledge is critical to achieving repeatable and automatable analysis, it is largely lost today. 

5.3.4 Interfacing Geometric Design Models to Analyzable Product Models

Reference 

A. Chandrasekhar (1999) Interfacing Geometric Design Models to Analyzable Product Models with Multifidelity and Mismatched Analysis Geometry, Masters Thesis, Georgia Institute of Technology, Atlanta. 


http://eislab.gatech.edu/pubs/theses/1999-chandrasekhar/
Abstract 

CAD design models are typically analyzed across various disciplines such as structural analysis, thermal analysis and vibration analysis. Further, for a given design model, each analysis discipline may require multiple analysis models. Thus, while every mechanical engineering component typically has one associated CAD model, it can have many associated analysis models. A key step in creating analysis models is to abstract the geometry of the structure that is to be analyzed. Most often, the geometry of the CAD design model is complicated and needs to be simplified and/or idealized for each analysis discipline. Much of this analysis model geometry is often common to, and/or derivable from its CAD model. In cases where there is a high mismatch between CAD geometry and analysis model geometry, the present state of engineering analysis typically requires the analyst to re-create this common and related analysis geometry from scratch in the analysis system. Thus, the associativity between the design model and its analysis models is not explicitly captured.

This study has developed a technique that enables the analyst to selectively choose and extract the attributes of desired geometric entities from CAD models, for the purpose of creating its analysis models. The capabilities of different CAD systems, namely, IDEAS, CATIA and Pro/Engineer were studied, and the technique was generalized for typical modern CAD systems. The technique was implemented with the CATIA CAD system and tested with several mechanical and aerospace components. 

Results show that this technique enables explicit design-analysis associativity and facilitates the engineering analyst to create different analysis model geometries with varying degrees of idealization from the same CAD model.

5.3.5 Product Data-Driven Finite Element Analysis

Reference 

Koo, D. (2000) A Product Data-Driven Methodology for Automating Variable Topology Multi-Body Finite Element Analysis, Masters Thesis, Georgia Institute of Technology, Atlanta. 


http://eislab.gatech.edu/pubs/theses/2000-koo/
Abstract 

CAD-CAE integration focuses on shortening the transition time between a design model and its analysis models.  The multi-representation architecture (MRA) developed in recent years emphasizes CAD-CAE integration to make automated simulation-based design ubiquitous.  To date the MRA has successfully automated product data-driven finite element analysis (FEA) using the fixed topology template methodology.  While this class of problems is important, variable topology analysis models are often needed to support product design.  Yet creating FEA models that have many bodies (material regions) is a manually intensive effort in current practice.  This thesis presents a new methodology to better handle such cases.

The variable topology multi-body (VTMB) methodology introduced here creates algorithms that automatically transform design models into FEA models.  Such an algorithm uses the MRA to extract idealized attributes from a specific class of detailed design models.  It then identifies basic shapes and assembly information, recognizes VTMB FEA issues, and performs procedures that are normally done manually (e.g., decomposition).  Finally, it creates FEA tool inputs, executes the tool, and extracts relevant results for further processing by its MRA context. 

To test the methodology, algorithms were developed for several classes of problems in the electronic packaging industry. Test cases are given for one 2D regular shape case (printed wiring board warpage), two 3D regular shape cases (thermal resistance analysis of ball grid array packages), and one 3D irregular shape case (thermal resistance analysis of quad flat packs).  Multiple designs were analyzed for each of these cases.

These experiences highlighted areas where the MRA needs extensions to reduce algorithm development time and broaden algorithm applicability.  However, results show that the present VTMB methodology can produce algorithms that reduce FEA model creation time by a factor of 10 or more (from days/hours to minutes).  Test cases also demonstrate methodology applicability to a diversity of problems.  Ultimately this automation leads to better designs by enabling more analysis and better understanding.  

6 Design Methods 

6.1 Other Reference Material

A growing number of papers and reports have been produced by CASA and most are available from the CASA web site (http://www.asdl.gatech.edu).  The following is a listing of the most relevant papers:

6.1.1 System Level Modeling & Management Methods

6.1.1.1 System Technology 

Mavris, D.N., Kirby, M.R., "Technology Identification, Evaluation, and Selection for Commercial Transport Aircraft", 58th Annual Conference Of Society of Allied Weight Engineers, San Jose, California 24-26 May, 1999.

Mavris, D.N., Bandte, O., DeLaurentis, D.A., "Determination of System Feasibility and Viability Employing a Joint Probabilistic Formulation", 37th Aerospace Sciences Meeting & Exhibit, Reno, NV, January 11-14, 1999. AIAA 99-0183.

Mavris, D.N., DeLaurentis, D.A., "A Stochastic Design Approach for Aircraft Affordability," 21st Congress of the International Council on the Aeronautical Sciences (ICAS), Melbourne, Australia, September 1998. ICAS-98-6.1.3.

Mavris, D.N., Baker, A.P., Schrage, D.P., "Implementation of a Technology Impact Forecast Technique on a Civil Tiltrotor", Proceedings of  55th National Forum of the American Helicopter Society, Montreal, Quebec, Canada, May 25-27, 1999.

6.1.1.2 System Requirements 

Mavris, D.N., DeLaurentis, D.A., "A Comprehensive, Robust Design Simulation Approach to the Evaluation/Selection of Affordable Technologies and Systems",  1999 ONR Affordability Program Review, Presentation made July 21-22, 1999, Washington D.C. (available at http://www.asdl.gatech.edu/affordability)

6.1.2 Computing & Collaboration Methods 

Hale, M.A., Craig, J.I., and Mavris, D.N., "A Lean-Server Approach to Enabling Collaboration Using Advanced Design Methods", Proceedings of the ASME Design Technical Conferences ’99, Sept. 12-15, 1999, Las Vegas, NV. DETC99/DAC-8597.

El Aichaoui, S., Hale, M.A., Craig, J., "Building Design Applications Using Process Elements," 7th AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, St. Louis, MO, September 2-4, 1998. AIAA-98-4876.

Hale, M.A., "An Open Computing Infrastructure that Facilitates Integrated Product and Process Development from a  Decision-Based Perspective," Doctoral Thesis, School of Aerospace Engineering, Georgia Institute of Technology, Atlanta,  GA. July 1996.

IMAGE home page, http://www.asdl.gatech.edu/image/. 

IMAGE (Intelligent Multi-disciplinary Aircraft Generation Environment) is a prototype design framework with an object-oriented database supporting schema evolution and instancing, a process manager, and agent facilities.  Some of the ASDL design methods described above are implemented in IMAGE for test and evaluation.

7 Structural Engineering Methods

7.1 Composites Education and Research Center (CERC)

http://www.cerc.gatech.edu/
The schools of Aerospace Engineering, Civil and Environmental Engineering, Chemical Engineering, Materials Science and Engineering, Mechanical Engineering, and Textile and Fiber Engineering have active research programs in composite materials.  The Composites Education and Research Center (CERC) is one of the multidisciplinary centers that operate through the College of Engineering.  CERC's mission is to provide a forum for a multidisciplinary, yet cohesive, education and research opportunities in composites for engineering undergraduate and graduate students.  In all, nearly 40 faculty members from the participating departments are affiliated with CERC.  Such a large number of faculty with expertise in composites is unique among universities around the world and makes it possible for the Georgia Tech composites program to be very complete in all aspects of this critical technology.

The inter-relationships between the various elements of research required for the reliable design of composites structural components is complex.  It is apparent that a complete solution requires expertise from several disciplines including basic Materials Science, Manufacturing Technology, Testing and Evaluation, Mechanics and Design.  Some research thrust areas are listed below.  
· Mechanics of Composites:
· Local Effects of Geometric and Material Discontinuities in Composites

· Elastically Tailored Composites

· Durability of Composite Materials and Structures

· Durability Modeling

· Measurement and Quantification of Damage

· Designing Bonded and Bolted Joints with Durability Considerations

· Low Cost Composites 

· Composites Processing Research

· Fiber Processing & Preforms

· Ceramic Matrix Composites Processing

· Polymer Composites Manufacturing

· Rapid Prototyping and Manufacturing

For further information visit the CERC web site given above. 

7.2 Mechanical Properties Research Laboratory (MPRL)

http://www.me.gatech.edu/MPRL/
MPRL is an interdisciplinary laboratory whose principal activities are directed towards the measurement and understanding of the mechanical properties of engineering materials. MPRL impacts very directly on research and education programs within the academic units of the College of Engineering. In its role as an interdisciplinary umbrella organization for experimental research in mechanical properties of materials, MPRL provides a degree of coordination of equipment usage, training and maintenance that would be much more costly to the sum of academic units in the conventional university setting of single investigator-controlled equipment. Principal activities of MPRL include:

· Fatigue and fracture studies of structural materials, structures and joints

· Development of constitutive equations for deformation and damage

· Characterization of quantitative analysis of microstructure and damage in engineering materials

· Development of life prediction methodologies

· Development of improved constitutive models and simulation capability for processing

· Durability and degradation of aging materials and structures

· Durability of materials used in biomedical applications

For further information visit the MPRL web site given above. 

7.3 Selected Abstracts

A Damage Mechanics Based Methodology for Life Prediction of Composite Structures

Ramesh Talreja

School of Aerospace Engineering

Georgia Institute of Technology

Atlanta, Georgia 30332-0150

Ramesh.talreja@ae.gatech.edu
The discipline of damage mechanics has the potential to elevate the current state of empirically based approach to life prediction of composite structures to a mechanisms based methodology. The basic premise is that when a representative volume of a composite material subjected to a prescribed time history of loads evolves through a sequence of irreversible changes and attains a critical state its capacity to sustain those loads becomes inadequate. The critical state is not unique but depends on the function of the structure under consideration. While loss of strength has been used as a critical state in other works (Reifsnider, Case and Xu, 1996), our focus is on degradation of deformational response. The deformational response is calibrated in a reference material state (e.g., post-fabrication virgin state) under standardized loading (e.g., uniaxial, isothermal) and expressed in terms of a set of stiffness coefficients. The criticality of material state is then determined under the same conditions.

The methodology requires characterization of damage and its evolution under prescribed loading environment (mechanical, thermal, hygral, and combinations thereof). A framework for damage characterization based on a theory of thermodynamics with internal variables was developed (Talreja, 1985) and its most recent synergistic form was proposed (Talreja, 1996). A simple case of cyclic loading (fatigue) was treated to illustrate a mechanisms based evaluation of damage evolution (Akshantala and Talreja, 1998). The present paper will integrate the results of these efforts into a methodology for durability assessment.

References

Reifsnider, K. L., Case, S. and Xu, Y. L., “A Micro-Kinetic Approach to Durability Analysis: The Critical Element Method”, Progress in Durability Analysis of Composite Systems, Cardon, Fukuda & Reifsnider (eds.), Balkema, Rotterdam, 1996, pp. 3-11.

Talreja, R., “A Continuum Mechanics Characterization of Damage in Composite Materials”, Proc. R. Soc. Lond., A399, 1998, pp. 195-216.

Talreja, R., “A Synergistic Damage Mechanics Approach to Durability of Composite Material Systems”, Progress in Durability Analysis of Composite Systems, Cardon, Fukuda & Reifsnider (eds.), Balkema, Rotterdam, 1996, pp. 117-129.

Akshantala, N. V. and Talreja, R., “A Mechanistic Model for Fatigue Damage Evolution in Composite Laminates”, Mechanics of Materials, 29, 1998, pp. 123-140.

Damage Mechanics for Deformational Response and Durability of Composite Structures

Ramesh Talreja

School of Aerospace Engineering

Georgia Institute of Technology

Atlanta, Georgia 30332-0150

ABSTRACT

The heterogeneity of microstructure and the macro-level anisotropy of composite materials generate a multitude of damage modes each with multiple damage entities of non-simple geometry and oriented in different planes. Analysis of deformational response of a complex shaped composite structure subjected to general loading is a challenge, to say the least. Even greater challenge is to predict the evolution of damage under time-varying loads and the resultant durability. This paper will present a review and assessment of the progress made to meet these challenges. Approaches ranging from constituent-level analyses (micromechanics) to those incorporating internal variables in smeared-out continua (continuum damage mechanics) will be discussed. This author’s view on which direction the future activities in this field should take will conclude the presentation.

8 Biosketches

This appendix includes biosketches for some of the people who could contribute to the CSW effort. Others may join as needed.

8.1 James I. Craig

Prof. Craig is Co-Director of the Center for Aerospace Systems Analysis and Professor of Aerospace Engineering at Georgia Tech.  His research capabilities are in experimental mechanics, structural dynamics, and computer-aided engineering and design.  

Professional Experience

Prof. Craig's relevant research has involved work in both aerospace engineering and in civil engineering (earthquake structural dynamics) and has been and is currently funded in these areas by the NSF, NIST, NASA, ARO and industry.  This research has examined problems of structural dynamic testing, crashworthy behavior of structural components, and identification of structural dynamic system models from experimental data obtained from laboratory and full scale testing. The most recent work deals with applications of active robust control and passive damping systems to attenuate building dynamic response to earthquakes.  In closely related research Prof. Craig has led the initial efforts to develop a versatile computing infrastructure to support complex engineering design, and this has resulted in the creation IMAGE which is currently licensed software available from Georgia Tech.  IMAGE has been tested with several multidisciplinary problems including one involving the structural design of a baseline NASA high speed civil transport (HSCT) wing, and it is being applied to advanced rotorcraft design problems.

In addition to teaching undergraduate and graduate courses in these research areas, Prof. Craig has also led or participated in the development of engineering courseware.  An initial effort was the development over a decade ago of a freshman level introductory course on the use of computers for problem-solving in engineering.  This course has been taught continually in Aerospace Engineering and has explored the use of file and web servers to support an essentially paperless course environment.  Prof. Craig was also a co-investigator on an NSF SUCCEED Coalition project to develop multimedia courseware to support introductory statics and dynamics courses. 

Education

B.S., Aeronautics and Astronautics, Massachusetts Institute of Technology, 1964

M.S., Aeronautics and Astronautics, Stanford University, 1965

Ph.D., Structural Mechanics, Stanford University, 1968

8.2 Daniel DeLaurentis

Dr. DeLaurentis’ principal fields of research are: Systems Design Methods; Uncertainty Modeling in Design; Robustness Methods; and Flight Stability and Control.

Professional Experience

Dr. DeLaurentis is a Research Engineer II in the School of Aerospace Engineering at Georgia Tech and co-leads the advanced design methodology thrust area for the ASDL and Center for Aerospace Systems Analysis (CASA), which includes elements of system engineering and system analysis evaluation.  Dr. DeLaurentis currently assists CASA faculty in the teaching of several courses.  He is the author of several papers on the topics of uncertainty modeling for complex systems, robust design methods, and multidisciplinary design (MDO).  As a NASA MDO Fellow, he participated in two internships with Boeing Company in Seal Beach, CA.  In addition, Dr. DeLaurentis was involved in 1995 in an independent study in which an engine benefit assessment of one versus two engines for the Joint Advanced Strike Technology (JAST) program was performed.  In this JAST study, Dr. DeLaurentis was lead for overall weapon system effectiveness prediction, including performance prediction, safety, and overall assessment techniques.

Education

Dr. DeLaurentis received a B.S. Aerospace Engineering, Florida Institute of Technology, 1992; M.S. Design in Aerospace Engineering, Georgia Institute of Technology, 1993; and Ph.D. in Aerospace Engineering, Georgia Institute of Technology, 1998.

8.3 Robert E. Fulton

Prof. Fulton is Professor of Mechanical Engineering and Director of the CALS Technology Center at the Georgia Institute of Technology. He also serves as the Program Manager of the Atlanta Electronic Commerce Resource Center.

Dr. Fulton received a B.S. degree in Civil Engineering from Auburn University in 1953, and M.S. and Ph.D. degrees in Civil Engineering from the University of Illinois in 1958 and 1960, respectively. He joined the NASA Langley Research Center in 1962 where, until 1984, he conducted or directed research in a broad range of structural mechanics and computer-aided design activities. From 1972 to 1984, he was Manager of the NASA/Navy sponsored $30 million CAD/CAM project denoted IPAD (Integrated Programs for Aerospace Vehicle Design) to develop technology and associated computer software for integrated company management of engineering information. He is the author of over 200 technical publications in such areas as finite element methods, numerical methods, static and dynamics analysis of shell structures, dynamic stability, and the use of computers in engineering analysis, design and manufacturing. He has also served on the faculties of the George Washington University, Old Dominion University, North Carolina State University, University of Illinois, and VPI&SU. 

His professional society affiliations include membership and active leadership roles in the National Computer Graphics Association; the American Society of Civil Engineers; the American Society of Mechanical Engineers; the American Society for Engineering Education; the American Academy of Mechanics; and the American Institute of Aeronautics and Astronautics. He has served on several National Academy of Sciences and NSF Committees to help identify critical technology needs associated with computer application to engineering. He is a past president of the National Computer Graphics Association, current chairman of the ASME Engineering Database Program, and active in the ASME Electronic Packaging Division. He also serves as Vice President of the U.S. Product Data Association overseeing the IGES/PDES Organization and is active in the Education and Communications Division of the CALS Industry Steering Group, providing advice to industry and DoD on CALS strategies.

8.4 Dimitri Mavris - Boeing Chair in Aerospace Systems Analysis

Prof. Mavris’ principal fields of research are Affordability Measurement and Prediction Methods; Aerospace Systems Design; Probabilistic Design Methodology Development; and Robust Design Simulation.

Professional Experience

Dr. Mavris is an Assistant Professor and Director of the Aerospace Systems Design Laboratory (ASDL), and he is responsible for the research of 35 graduate students working in a variety of sponsored research funded by the U.S. Army, Air Force, and Navy Research Labs.  He has grants from NASA and industry as well.  Dr. Mavris is the developer and pioneer of Robust Design Simulation (RDS) for designing complex systems, and he has authored over 60 publications and referred papers.  He is currently serving on two AIAA Technical Committees (Aircraft Design, Air Transportation and Operation Technology) and has chaired several conference sessions in the areas of aircraft affordability and IPPD.  He also has considerable experience in parametric estimating and cost modeling and has been recognized for his efforts in this field as the winner (1995 and 1996) of the International Society of Parametric Analysts’ Best Speaker/Paper Award.  Dr. Mavris is also the co-editor of the Journal of Parametrics.  For his research accomplishments, he was granted the 1997 NSF Career award.  His honors include receiving the prestigious Boeing Welliver Summer Fellowship, which presented the opportunity for him to spend the summer of 1998 at Boeing, as well as the Boeing Chair in Aerospace Systems Analysis.
Education

B.S. Aerospace Engineering, Georgia Institute of Technology, 1984

M.S. Aerospace Engineering, Georgia Institute of Technology, 1985

Ph.D. Aerospace Engineering, Georgia Institute of Technology, 1988

8.5 Russell S. Peak

Russell S. Peak is a Senior Research Engineer at Georgia Tech and the Co-Director of the Engineering Information Systems Lab.  A member of the Research Faculty, he works in the College of Engineering's CALS Technology Center as an investigator on various projects.  He also is part of the Technology Development Group in the Atlanta Electronic Commerce Resource Center.

Professional Experience
Dr. Peak's research specialty is engineering analysis theory and methodology with an emphasis on X-analysis integration (XAI) for simulation-based design (SBD).  He is the developer of constrained objects (COBs), the multi-representation architecture (MRA) for analysis integration, and context-based analysis models (CBAMs) - a representation that explicitly captures design-analysis associativity using object and constraint graph techniques.  His interests encompass engineering research in artificial intelligence and information technology, with applications including electronic packaging and structural analysis.  Since 1997 he as served as principal investigator on a diversity of research and development projects sponsored by organizations such as Boeing, Shinko Electric, and the US Dept. of Defense (Air Force, Army, and DARPA). 

Industrial experience includes business telephone design at AT&T Bell Laboratories and CAD-CAE integration as a Visiting Researcher at the Hitachi Mechanical Engineering Research Laboratory in Japan.  Dr. Peak has authored and co-authored a variety of publications, holds several U. S. patents, and is a member of ASME and the US Association of Computational Mechanics.

Education

B.S. Georgia Institute of Technology, Mechanical Engineering, 1984

M.S. Georgia Institute of Technology, Mechanical Engineering, 1985

Ph.D. Georgia Institute of Technology, Mechanical Engineering, 1993

8.6 Daniel P. Schrage

Dr. Schrage’s principal fields of research are: Aerospace Systems Design, Multidisciplinary Design Optimization, Integrated Production and Process Development and Life Cycle Cost Modeling.

Professional Experience

Dr. Schrage is a Professor in the School of Aerospace Engineering and serves as the Co-Director of the Center for Aerospace Systems Analysis (CASA) and the Director for the Center of Excellence in Rotorcraft Technology (CERT). He will serve as the Co-Director/P.I. for the Boeing Systems Engineering Graduate Studies Program. Dr. Schrage has extensive experience in Systems Analysis, Design, and Engineering having taught aerospace systems design, concurrent engineering, and design for life cycle cost at Georgia Tech over the past 15 years. Prior to coming to Georgia Tech he served ten years with the U.S. Army Aviation Systems Command as an engineer, manager, and senior executive and was actively involved in the design, development and production of all of Army Aviation's major systems (AH-64 Apache, UH-60 Black Hawk, etc.). He has had a national influence on the definition and development of IPPD and concurrent engineering as enabling quality processes and has led the video-based distance learning and CD interactive training for IPPD awareness for the Navy Acquisition Reform Office.  Dr. Schrage has assisted Boeing in enhancing engineering education over the past five years and is a member of the NRC committee investigating Advance Engineering Environments (AEEs). Dr. Schrage is an Associate Fellow of the AIAA and a Fellow of the AHS and has served on three AIAA technical committees over the past 15 years (Aircraft Design, VSTOL Design, and MDO).  Dr. Schrage has over 100 publications in refereed journals and national engineering conferences.

Education

B.S. in General Engineering from U.S. Army Military Academy, West Point, 1967

M.S. in Aerospace Engineering from Georgia Institute of Technology, 1974

M.A. in Business Administration from Webster University, 1975

D.Sc. in Mechanical Engineering from Washington University, 1978.

8.7 Ramesh Talreja

Dr. Ramesh Talreja is a professor in the School of Aerospace Engineering at Georgia Institute of Technology. His research capabilities are in deformation and failure of materials, damage mechanics of composite materials, fatigue damage mechanisms, damage tolerance and life prediction methodologies, statistical assessment of strength and its degradation in long term loading, and effects of microstructural nonuniformity on failure of heterogeneous solids.

Professional Experience

Prof. Talreja has over 25 years of research experience in structural mechanics and materials behavior. His recent and current research has been or is being funded by NASA, NSF, Army Research Office, Pratt & Whitney and Boeing. These funded activities have been concerned with application of polymer matrix composites at high temperatures in High Speed Civil Transport and Advanced Subsonics Technology programs. Current research is also examining durability of ultra high temperature polymer matrix composites in Spaceliner/Bantam vehicles. He teaches a short course entitled "Durabililty and Damage Tolerance of Composites" at Georgia Tech via the Continuing Education department, as well as onsite at companies like Boeing.

Prof. Talreja has authored and edited numerous books and book chapters in fatigue and damage mechanics of composite materials, and has published extensively in international journals in these areas. He is an Associate Editor of Mechanics of Materials in the area of composite materials and heterogeneous solids and serves on Editorial Boards of six other journals. He is a Volume Editor of the latest six-volume Comprehensive Composite Materials series. His honors include receiving the Boeing Welliver Summer Fellowship, which included a summer stay at Boeing in 1996. 

Education

B.S., University of Bombay, 1967

M.S., Northeastern University, 1970

Ph.D., Technical University of Denmark, 1974

D.Sc., Technical University of Denmark, 1985

Selected Publications

Talreja, R., "Fatigue of Polymer Matrix Composites", in Comprehensive Composite Materials, Vol. 2, R. Talreja and J-A. E. Månson (Eds.), A. Kelly and C. Zweben (Series Eds.), Elsevier, Oxford, July 2000, pp. 529-552.

Akshantala, N.V. and Talreja, R., "A Micromechanics Based Model for Predicting Fatigue Life of Composite Laminates", Materials Science and Engineering A, 2000 (to appear). 

Niu, K. and Talreja, R., "Modeling of Compressive Failure in Fiber Reinforced Composites", International Journal of Solids and Structures, Vol. 37, 2000, pp. 2405-2428.

Niu, K. and Talreja, R., "Modeling of Wrinkling in Sandwich Panels under Compression", Journal of Engineering Mechanics, Vol. 125, 1999, pp. 875-883.

Bulsara, V. N., Talreja, R. and Qu, J., "Damage Initiation Under Transverse Loading of Unidirectional Composites With Arbitrarily Distributed Fibers", Composites Science and Technology, Vol. 59, 1999, pp. 673-682. 

8.8 Kenneth M. Will
Kenneth Will is Co-Director of the Computer Aided Structural Engineering Center and Associate Professor in the School of Civil and Environmental Engineering at Georgia Tech.  His research interests are in the areas of computer-aided engineering, finite element analysis, and structural modeling.

Professional Experience

Professor Will is primarily responsible for directing the GTSTRUDL research and development team consisting of 10 research engineers and scientists and numerous students.  GTSTRUDL is a software product which Georgia Tech has developed for the last 25 years for civil engineering structural analysis and design.  He has authored over 50 publications in the areas of finite element analysis, bridge analysis, structural stability, computational techniques, structural modeling, and software evaluation.  

Professor Will is very active in the American Society of Civil Engineers and has served on numerous technical committees in the areas of electronic computation and the usage of computers in practice.  He has chaired the ASCE Executive Committee of the Technical Council on Computer Practice and has served on the Computer Advisory Board for the society. 

Education

BS, Civil Engineering, University of Arkansas, 1969

MS, Civil Engineering, University of Texas at Austin, 1971

PhD, Civil Engineering, University of Texas at Austin, 1975

9 Course & Research Usage of CATIA at Georgia Tech

The College of Engineering supports the instruction and maintenance of CATIA campus wide through its Engineering Computer Services group, which includes a full time CATIA instructor (Peter Hart) and active involvement in the CATIA Operators Exchange.  Table 1 shows the estimated usage of CATIA in aerospace and mechanical engineering courses and labs.

CATIA is also used across campus in various research projects. Examples include:

1. IMAGE design computational framework.  CATIA is the example geometric modeling tool used in the development of IMAGE.  This required development of a dynamic linking capability for use with the CATGEO interface.

2. Rotorcraft Industry Technical Association (RITA).  CATIA is being used as the source of geometric models for helicopter rotor blades for which section stiffness properties are computed and then used in flexible multi-body dynamics simulations.  Dynamic response output can then be used to animate the CATIA model.

3. X-analysis integration research, and CAD-CAE associativity for Boeing PSI - Phase 1 demonstrated fine-grained associativity between a representative air frame part and lug and fitting analyses.  This utilized the script-oriented CATGEO interface included in IMAGE (see above). See Appendix  1 for related documents.

Thus, Georgia Tech has the support infrastructure and the people knowledgeable with CATIA to help with CSW where needed.  There are also other CAD and CAE capabilities for breadth as described in the next section.

Table 1 - Estimated CATIA Usage in AE & ME Courses and Labs



Course Number and Title

Students per Course
Course Offerings per Year


Primary Aspects of CATIA Used

AE4375 Fundamentals of Computer-Aided Design and Engineering
20
1
Uses CATIA geometric modeling: wireframe, surface, volume, solid, assemblies; applications

AE6380 Computer-Aided Design and Engineering
15
1
Uses CATIA geometric modeling, CATGEO interface, IUA's, integration

AE4350 Senior Design 1
80
1
Uses CATIA to model aircraft and spacecraft in capstone design project

AE4351 Senior Design 2
80
1
Uses CATIA to model aircraft/spacecraft systems in capstone design project.

AE4131 Intro to FEM
20
1
Uses CATIA with Elfini to show integration of geometric modeling with FEM analysis.

ME3180 Machine Design

125
2
Uses CATIA and kinematics

ME4182 Capstone Design17
250
1
Uses CATIA and Elfini to model and analyze design projects; use kinematics and mfg tools to address other areas.

AE/ME49xx Special Projects
variable
2
May use CATIA and accessories to model components and subsystems in experimental research

10 Facilities 

Georgia Tech has CAD, CAE, and information technology computing facilities that are highly relevant to CSW.  Labs across campus host a variety of Unix-based workstations and Apple/Windows-based PCs, all of which are connected to the Georgia Tech campus network and the Internet.  Lab personnel can also access the campus CAE/CAD Laboratory managed by the College of Engineering.  Software relevant to this project includes CAE and FEA tools (e.g. CATIA Elfini, Abaqus Ansys, GTSTRUDL, Mathematica, Matlab), and MCAD tools (e.g. CATIA, IDEAS, Pro/Engineer, AutoCAD), and PDM tools (Enovia
, Metaphase).  Access to a diversity of tools, even if not targeted for CSW, can provide useful points of comparison and understanding.  Engineering information technology tools are available including development tools for CORBA, STEP, and XML. Other facilities for structural engineering methods are described in that Appendix.

Prototype Georgia Tech tools embodying some of the concepts described above include:

· IMAGE, a prototype design framework (http://www.asdl.gatech.edu/image/.)

· U-Engineer.com, an Internet-based self-serve engineering service bureau (http://www.u-engineer.com)

· XaiTools, an analysis integration toolkit (http://eislab.gatech.edu/XaiTools/)

See Section 1.3 regarding preferred paths to achieve commercialization/production-ready tools.

Further information is available at http://www.asdl.gatech.edu/ and http://eislab.gatech.edu/. 

11 Nomenclature

Some of the nomenclature and abbreviations used in this document is summarized here for reference.  Items in italics are specific to the analysis integration work in EIS Lab and/or Georgia Tech organizations.

(
ABB-SMM transformation

(
idealization relation between design and analysis attributes

(
APM-ABB associativity linkage indicating usage of one or more (i
ABB
analysis building block

AECRC
Atlanta ECRC

AIAA
American Institute of Aeronautics and Astronautics

AMCOM
U. S. Army Aviation and Missile Command

AMT
analysis module tool

APM
analyzable product model

ASME
American Society of Mechanical Engineers (ASME International)

BGA
ball grid array

CAD
computer aided design

CAE
computer aided engineering

CASA 
Center for Aerospace System Analysis

CASE Center
Computer-Aided Structural Engineering Center

CBAM
context-based analysis model

CCM
CORBA Component Model

COB
constrained object

COI
constrained object instance 

COM
component object model 

CORBA
common ORB architecture

COS
constrained object structure 

COTS
commercial off-the-shelf

DAI
design-analysis integration

DARPA 
Defense Advanced Research Program Administration

DB
database

EBGA
enhanced BGA

ECAD
electrical CAD

ECRC
Electronic Commerce Resource Center

EIS
engineering information systems 

EJB
Enterprise JavaBean

ESB
engineering service bureau

FEA
finite element analysis

FTT
fixed topology template

GenCAM
IPC standard for electronics

GIT
Georgia Institute of Technology (Georgia Tech)

GTRC
Georgia Tech Research Corporation

GTRI
Georgia Tech Research Institute

GUI
graphical user interface

IDL
Interface Definition Language 

IIOP
Internet inter-ORB protocol

IPC
Association Connecting Electronics Industries (www.ipc.org)

MCAD
mechanical CAD

MOF
Meta-Object Facility

MoS
margin of safety

MRA
multi-representation architecture

MS
see MoS

NIST
National Institute of Standards and Technology

ORB
object request broker

OMA
Object Management Architecture 

OMG
Object Management Group, www.omg.com

PBAM
product model-based analysis model

PBGA
plastic BGA

PDIF
product data interchange format (for Accel ECAD system)

PDM
product data manager

POA
portable object adapter

ProAM
Product Data-Driven Analysis in a Missile Supply Chain (ProAM) project (AMCOM)
PSI
Product Simulation Integration project (Boeing)

PTH
plated-through hole

PWA
printed wiring assembly (a PWB populated with components)

PWB
printed wiring board

QFP
quad flat pack

SBD
simulation-based design

SBE
simulation-based engineering

SME
small-to-medium sized enterprise (small business)

SMM
solution method model

SOAP
simple object access protocol

STEP
Standard for the Exchange of Product Model Data (ISO 10303). 

STEP AP
STEP application protocol

STEP AP2xx
STEP APs for various domains (e.g., see AP209, AP210, etc.)

STEP AP203
STEP AP for part and assembly geometric models

STEP AP209
STEP AP for finite element analysis models

STEP AP210
STEP AP for electronic products

TIGER
TIGER project (DARPA)

UML
Unified Modeling Language

VTMB
variable topology multi-body

XAI 
X-analysis integration (X= design, mfg., etc.)

XCP
XaiTools ChipPackage™
XFW
XaiTools FrameWork™
XMI
XML Metadata Interchange

XML
extensible markup language

XPWAB
XaiTools PWA-B™
12 Attached Technical Reports

These documents are included as separate attachments (in pdf format).

12.1 Analysis Integration Technology Overview

See Appendix  1 for the abstract of this document.  It is also available at:


http://eislab.gatech.edu/pubs/reports/EL002/
12.2 Georgia Tech Phase 1 Work for Boeing PSI

See Appendix  1 for the abstract of this document. It is also available at:


http://eislab.gatech.edu/projects/boeing-psi/ 







� Actually, we have this capability, too, as discussed in item 4.


� 	Borning, A. and B. Freeman-Benson (1998). Ultraviolet: A Constraint Satisfaction Algorithm for Interactive Graphics.” Constraints: An International Journal 3(1): 1-26.


	Borning, A., K. Marriott, et al. (1997). Solving Linear Arithmetic Constraints for User Interface Applications. 1997 ACM Symposium on User Interface Software and Technology.





� 	PDM Implementers Forum, http://www.pdm-if.org/.


	Kindrick, J.; Barra, R. and M. Hauser, ‘PDM Schema Usage Guide’, release 4.1.





� 	Pratt, M.,  ' Parameterization and constraints for explicit geometric product models', ISO TC 184/SC4/WG12 N526.


	Christensen, N., 'Framework for the exchange of geometric product models', ISO TC 184/SC4/WG12 N441.


	Anderson, B., 'Feature-Based Construction Operations', ISO TC 184/SC4/WG12 N 589.


	Ohtaka, A., ' Parametric assembly constraints in explicit parametric model representation', ISO TC 184/SC4/WG12 N511.





� 	OMG (June 16, 2000) CAD Services RFP, http://www.omg.org/techprocess/meetings/schedule/CAD_Services_RFP.html


	CAx Implementers Forum, http://www.cax-if.org/.


� As we are generally not in the commercial software business, we usually prefer to transition from c) to a) or b) at some point.  GTSTRUDL is one notable exception.


� Mavris, D.N., Kirby, M.R., Qiu, S., "Technology Impact Forecasting for a High Speed Civil Transport", SAE-985547.


� Mavris, D.N., Kirby, M.R., “Technology Identification, Evaluation, and Selection for Commercial Aircraft”, SAWE Paper No. 2456, May 1999.


� Mavris, D.N., Bandte, O., DeLaurentis, D. A., "Determination of System Feasibility and Viability Employing a Joint Probabilistic Formulation", 37th Aerospace Sciences Meeting & Exhibit, Reno, NV, January 11-14, 1999. AIAA 99-0183.


� Stephens, Eric R., “LEGEND,” Doctoral Dissertation, School of Aerospace Engineering, Georgia Institute of Technology, November, 1993.


� Hale, Mark A., “An Open Computing Infrastructure that Facilitates Integrated Product and Process Development from a  Decision-Based Perspective,” Doctoral Dissertation, School of Aerospace Engineering, Georgia Institute of Technology, July, 1996.


� Bauchau, O.A. "Computational Schemes for Flexible, Nonlinear Multi-Body Systems," Multibody System Dynamics, 2, pp 169-225, 1998.


� Volovoi, Vitali V.; Hodges, Dewey H.; Berdichevsky, Victor L.; and Sutyrin, Vladislav G.: "Asymptotic Theory for Static Behavior of Elastic Anisotropic I-Beams," International Journal of Solids and Structures, vol. 36, no. 7, 1999, pp. 1017 - 1043.


� From "Plan for SAM Development" dated Jan. 25, 1999. Developed with Jack Blaylock et al.


� Volovoi, Vitali V.; Hodges, Dewey H.; Berdichevsky, Victor L.; and Sutyrin, Vladislav G.: "Asymptotic Theory for Static Behavior of Elastic Anisotropic I-Beams," International Journal of Solids and Structures, vol. 36, no. 7, 1999, pp. 1017 - 1043. 


� Bauchau, O.A. "Computational Schemes for Flexible, Nonlinear Multi-Body Systems," Multibody System Dynamics, 2, pp 169-225, 1998. 





� Depending on the instructor, students may have the option to use other CAD programs as well.


� We will need to check if Enovia is actually on campus yet or not.
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