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Summary1 

As we progress closer to a knowledge economy, the need for an infrastructure based upon 
distributed computing, information and communication technology (i.e., a cyberinfrastructure), 
becomes increasingly paramount.  Before this cyberinfrastructure can become a reality, the base 
technologies underlying the cyberinfrastructure—the software programs, services, instruments, 
data, information, knowledge that reside above the cyberinfrastructure, and the enabling 
hardware, algorithms, software, communications, institutions, and personnel that make up the 
cyberinfrastructure—need to be identified, studied, and developed.  Several workshops have 
been sponsored by the National Science Foundation (NSF) related to the cyberinfrastructure 
(CI); however, these workshops have received only limited participation from researchers in the 
Engineering Design (ED) community.  Consequently, we developed and held a two-day 
workshop entitled, “EXchanging Cyber-Infrastructure Themes in Engineering Design” 
(EXCITED) at NSF in Arlington, VA on February 28 – March 1, 2005.  The objectives were to:  
 
1. Learn more about the cyberinfrastructure (CI) and how others are already using it,  
2. Discuss CI-related research themes within the Engineering Design community, and  
3. Establish synergistic relationships with multidisciplinary teams to pursue CI-related funding. 

Nearly fifty people participated in the workshop, including eight invited speakers who discussed 
their “Perspectives on Cyberinfrastructure” and relevant “Applications of Cyberinfrastructure”.  
Time was also spent in discussion groups focusing on four key research themes that emerged:  
 
1. Design Informatics (Keywords: Data, Digital/Design Libraries, Knowledge Management) 
2. Design Simulation and Modeling (Keywords: Geometric, Multi-scale, Distributed) 
3. Design Environments (Keywords: Collaborative Design/E-Design/Virtual Reality) 
4. Design Synthesis (Keywords: Optimization/Synthesis/Agent Networks/Web Services) 

An overview of each discussion group’s recommendations is provided in this report along with a 
vision for cyberinfrastructure in engineering design and a role for Engineering Design in 
cyberinfrastructure.  Suggestions are also made for engendering cooperation within the confines 
of the competitive framework that arises from NSF’s peer-review process to foster a spirit of 
“coopetition” among researchers to advance cyberinfrastructure.  We believe that the workshop 
helped us take a significant step towards coordinating the wealth of talent, ideas, and innovation 
in the ED community so that we, collectively, would be ready to not only obtain, but also help 
define, the large and long-term investments needed to achieve the vision outlined in the report by 
NSF’s Blue-Ribbon Advisory Panel on Cyberinfrastructure.   

                                                           
1 DISCLAIMER: Opinions expressed in this report are those of the workshop participants and editors, not those of NSF. 



 ii

Table of Contents 

Summary.......................................................................................................................................... i 

Table of Contents............................................................................................................................ ii 

1. Motivation for the Workshop...................................................................................................... 1 

2. Workshop Overview ................................................................................................................... 2 

2.1. Workshop Participants.......................................................................................................... 2 

2.2. Invited Speakers ................................................................................................................... 3 

3. Discussion Groups and Their Recommendations ....................................................................... 5 

3.1. Design Informatics in the Cyberinfrastructure ..................................................................... 5 

3.2. Design Simulation and Modeling in the Cyberinfrastructure............................................... 7 

3.3. Design Environments in the Cyberinfrastructure ................................................................. 9 

3.4. Design Synthesis in the Cyberinfrastructure ...................................................................... 11 

4. Cyberinfrastructure in Engineering Design and Engineering Design in Cyberinfrastructure .. 13 

Closing Remarks........................................................................................................................... 14 

Acknowledgments......................................................................................................................... 15 

References..................................................................................................................................... 15 

Appendix A: Workshop Agenda................................................................................................... 16 

Appendix B: Workshop Participants and Discussion Groups ...................................................... 17 

Appendix C: Summary Slides from Discussion Groups............................................................... 18 

 



 1

EXCITED
An NSF
Workshop
Feb. 28 – March 1, 2005

EXCITED
An NSF
Workshop
Feb. 28 – March 1, 2005

EXchanging Cyber-Infrastructure Themes in Engineering Design 

Report from the EXCITED Workshop held in Arlington, VA 
February 28 - March 1, 2005 

 
Sponsored by the National Science Foundation 

1. Motivation for the Workshop 

As we progress closer to a knowledge economy, the need for an infrastructure based upon 
distributed computing, information and communication technology (i.e., a cyberinfrastructure), 
becomes increasingly paramount.  Before this cyberinfrastructure can become a reality, the base 
technologies underlying the cyberinfrastructure—the software programs, services, instruments, 
data, information, knowledge that reside above the cyberinfrastructure, and the enabling 
hardware, algorithms, software, communications, institutions, and personnel that make up the 
cyberinfrastructure—need to be identified, studied, and developed.  In the report by Atkins, et al. 
on cyberinfrastructure2, a major conclusion was that “highly coordinated, large, and long-term 
investment” was necessary for research, development, and implementation.  Many people in 
Engineering Design (ED) are uniquely poised to address many of the research and 
implementation issues in the underlying technologies needed to realize a cyberinfrastructure, but 
the collection of diverse strengths and competencies in the ED community creates unique and 
difficult challenges in the identification, prioritization, and strategic management of future 
research foci, projects, and teams of excellence within the collective community.   
 
Several workshops have been sponsored by the National Science Foundation (NSF) related to the 
cyberinfrastructure, including3:  
 

• “Cyberinfrastructure for Engineering Research and Education” Workshop, June 5-6, 
2003, NSF, Arlington, VA 

• “Research Opportunities in CyberEngineering/CyberInfrastructure” the Third NSF 
Workshop, April 22-23, 2004, Drexel University, Philadelphia, PA 

• “ENG, ITR and Cyberinfrastructure”, June 11, 2004, ENG Breakout Session, NSF ITR 
Grantees Workshop, Arlington, VA 

• “Multi-disciplinary Workshop at the Interface of CI, OR”, August 30-31, 2004, 
Washington, D.C. 

 
Unfortunately, these workshops have received only limited participation from researchers in the 
ED community despite the best efforts of the various organizing committees to include them.  
Our goal, in preparing the EXCITED workshop, was to draw heavily from the ED community 
while inviting representatives from these other workshops to speak and participate at the 
EXCITED Workshop to help get the ED community “up to speed”.  As stated by Dr. William C. 
Regli at the workshop, “engineering design is ‘cyber-trailing’ [the] CS/CE/ECE/IT/IS disciplines 
significantly,” and we hope that this report will help unite researchers within the ED community 

                                                           
2 Available on-line at: http://www.cise.nsf.gov/sci/reports/atkins.pdf.  
3 This information was gathered from: http://www.nsf.gov/crssprgm/ci-team/. 
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to identify opportunities to collaborate with each other as well as with researchers in fields who 
are already heavily invested in cyberinfrastructure-related research.   
 
In the next section, we provide an overview of the workshop, including information about the 
participants, the agenda, and a summary of the presentations from our invited speakers.  In 
Section 3, we review the recommendations made by the four groups that discussed (1) design 
informatics, (2) design modeling and simulation, (3) design environments, and (4) design 
synthesis.  Finally, in Section 4, we provide a vision for cyberinfrastructure in engineering 
design and discuss a role for Engineering Design in cyberinfrastructure.   

2. Workshop Overview 

The workshop was held over the course of two days at the National Science Foundation in 
Arlington, VA.  As noted in the agenda provided in Appendix A, the workshop started at 8 a.m. 
on Monday, February 28, 2005 and ended at noon on Tuesday, March 1, 2005.  We established a 
website for the workshop: http://www.mne.psu.edu/simpson/NSF/EXCITED/.   
 
The objectives for the workshop were to:  
1. Learn more about the cyberinfrastructure (CI) and how others are already using it,  
2. Discuss CI-related research themes within the Engineering Design community, and  
3. Establish synergistic relationships with multidisciplinary teams to pursue CI-related funding. 
 
Our aim in holding the workshop was to help meet the national need for multidisciplinary 
collaboration focused on building synergistic research environments to study and develop the 
critical platforms, models, and tools to create and utilize the cyberinfrastructure.  The people we 
involved with this are discussed next. 

2.1. Workshop Participants 
Interested participants were required to submit a 2-pg bio-sketch (NSF format) via email along 
with a 250-word description of: 

1. an engineering design or product realization problem or application that cannot be solved 
using today’s computing capabilities and information infrastructure, and  

2. any projected CI-related research themes within engineering design. 
 
Based on this information, twenty-seven participants were selected from over 40 applicants for 
the workshop.  These invited participants joined eight invited speakers (see Section 2.2), three 
organizers (Dr. Timothy W. Simpson, Dr. Kemper Lewis, and Dr. Wei Chen), and two graduate 
students who were self-supported for a total of 40 workshop attendees.  Seven of the attendees 
were women.  Excluding the two graduate students, the attendees consisted of 18 professors, 9 
associate professors, 7 assistant professors, and 4 people from industry, including two people 
from the National Institute of Standards and Technology (NIST).  Half of the attendees were 
affiliated with Mechanical Engineering (21 out of 40); the remaining half were from Computer 
Science (7), Industrial Engineering (6), Civil Engineering (2), and one (1) from each of 
Engineering Education, Biomedical Engineering, and Aerospace Engineering.  Several Division 
Directors and Program Directors from NSF also attended the workshop.  A list of attendees and 
their affiliations is available at: http://www.mne.psu.edu/simpson/NSF/EXCITED/. 
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2.2. Invited Speakers 
Eight people were invited to speak at the Workshop the first morning.  The first four speakers 
focused on “Perspectives of Cyberinfrastructure”, as they each had a unique perspective on 
cyberinfrastructure-related research both within and outside of the ED community.  A brief 
summary of each speaker’s presentation follows; copies of each presentation are available on the 
workshop website: http://www.mne.psu.edu/simpson/NSF/EXCITED/.  
 
1. Dr. Suvrajeet Sen, NSF Program Director for Operations Research: Dr. Sen highlighted and 

discussed the development of “Shared CI” and “Domain CI” with a system’s view.  Having a 
system view of the CI will help develop common platforms on which domain-specific CIs 
can be developed, thus reducing development time as well as cost.  He encouraged the 
“Design CI” to learn from other developed CIs such as GEON4, NEON5, etc., incorporating 
best practices in data sharing, security, analysis, and representation.  He also emphasized the 
need for investigating models and meta-models that will support the design data captured in 
design-oriented CI. 

 
2. Prof. Karthik Ramani, Purdue University: Prof. Ramani provided an update of the workshop 

on “Productivity in the Enterprise through OR-CI Synthesis and Integration”6, which was 
held in Washington, D.C., August 30-31, 2004.  He stressed the synergy between CI-OR-EA 
(Enterprise Applications) and discussed the CI-OR supply networks that can provide 
productivity enhancement at all levels of an enterprise.  He also stated that CI can help 
integrate models, algorithms, computational power and storage for design information in 
repositories, libraries, and catalogs.  

 
3. Prof. Jami Shah, Arizona State University: Prof. Shah presented an overview of the 

“Engineering Design in the Year 2030” Workshop that he recently organized (Shah, et al., 
2004) and the major recommendations from his workshop.  He discussed how CI can help in 
“Predictive Product Realization” and “Innovation Guided Design.”  He stressed that the CI 
should (a) facilitate access to past design and performance history, (b) aid problem definition 
and conceptual design, (c) assist in design knowledge capture/re-use and enable smart search, 
(c) provide access to various integration tools for conjoint exploration of design requirements 
and solutions, and (e) help integrate design synthesis and analysis using a shared design 
knowledge base.   

 
4. Dr. Ram Sriram, NIST: Dr. Sriram focused on developing a CI that will help in “Globally 

Networked Design”.  To achieve this, he asserted that computers need to be made more 
capable of analyzing and representing design artifacts, which requires research in design 
ontologies and logic to develop self-describing systems.  He also stressed that design 
ontologies need to be mapped with process ontologies and that product lifecycle management 
systems should be interoperable with knowledge management systems to support design.   

 
The second set of four speakers focused on “Applications of Cyberinfrastructure”, as they are all 
active in CI-related research.   

                                                           
4 http://www.geongrid.org/  
5 http://www.neoninc.org/  
6 https://engineering.purdue.edu/PRECISE/CI-OR/index.html  
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1. Dr. William Regli, Drexel University: In his presentation, “Experiences and Suggestions for 

Creating Shared Cyber-Infrastructure for Engineering, Design, and Manufacturing”, Dr. 
Regli mentioned that design data acquisition and peer validation were bottlenecks for 
creating a Cyberinfrastructure in design and that interdisciplinary R&D is difficult in the 
absence of a shared cyberinfrastructure in engineering design.  He stressed that design pattern 
recognition and knowledge representation using formal semantics will foster development of 
algorithms for design artifact comparison, classification, indexing, clustering and inference. 

 
2. Prof. Omar Ghattas, Carnegie Mellon University: Prof. Ghattas emphasized the use of 

simulation-based decision-making in CI in his talk, “Towards CI-enabled, Optimization- 
driven, Simulation-based Decision Making”.  He discussed how design was a decision-
making process and how CI can facilitate this process by providing integrated, distributed 
parallel supercomputers, clusters, fast networks, federated databases, middleware, software 
libraries and tools, algorithms, and application codes.  Dr. Ghattas gave several examples of 
systems that have used high fidelity simulation-based models for engineering decision-
making.   

 
3. Prof. Kincho Law, Stanford University: Dr. Law discussed an existing CI with which he has 

been involved, namely, “NEESgrid – A CyberInfrastructure for Earthquake Engineering 
Simulation”.  NEESgrid7 actively involves 18 institutions and enables collaboration and data 
sharing for hundreds of researchers.  A group of 12 researchers from educational institutions 
across the country has formed a data/metadata working group that formulates a common 
approach and tools to enhance the sharing, access, and utilization of the NEESgrid data 
repository.  He outlined some of the characteristics that have made NEESgrid a success, such 
as a strong leadership and management team; strong technology developers; collaborative 
efforts among developers, researchers, and all disciplines involved; dedication from 
community participants; and a set of well-defined policies and guidelines developed by the 
community that are implemented and enforced within the NEESgrid CI. 

 
4. Prof. Soundar Kumara, The Pennsylvania State University: Dr. Kumara spoke about the 

“Survivability of Large Scale Networks and Design Research”.  He discussed the importance 
of agent-based networks in CI for design and logistics.  He emphasized the importance of 
survivability of CI and integration of wireless sensor networks with CI.  Dr. Kumara also 
provided models for situation identification, adaptive control, performance estimation, load 
control, and survivability in distributed large-scale networks.  

 
All of our invited speakers also participated in the workshop, and four of them—Dr. Regli, Prof. 
Ramani, Prof. Ghattas, and Prof. Kumara—served as the discussion leaders for the discussion 
groups that took place during the remainder of the workshop. 

                                                           
7 http://www.nees.org/  
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3. Discussion Groups and Their Recommendations 

Based on the responses of our participants and the recommendations for IT-related research from 
the Engineering Design in Year 2030 workshop (Shah, et al., 2004, p. 7), we divided the 
workshop participants into four groups to focus on key research themes that emerged:  
 

1. Design Informatics (Keywords: Data, Digital/Design Libraries, Knowledge Management) 
2. Design Simulation and Modeling (Keywords: Geometric, Multi-scale, Distributed) 
3. Design Environments (Keywords: Collaborative Design/E-Design/Virtual Reality) 
4. Design Synthesis (Keywords: Optimization/Synthesis/Agent Networks/Web Services) 

 
Appendix B lists the participants in each group.  A brief synopsis of the team summary presented 
by each group follows; the slides from each group are available on the workshop website: 
http://www.mne.psu.edu/simpson/NSF/EXCITED/ and also have been included in Appendix C.  
 

3.1. Design Informatics in the Cyberinfrastructure 
Informatics, or the sciences concerned with gathering, manipulating, storing, retrieving and 
classifying recorded information, is both the key enabler for the future of the Cyber-
Infrastructure and a transformer of organizations and markets.  Design informatics is well known 
as data, knowledge, ontologies, and digital repositories that underlie the tools and environments 
of the CI.  However, design informatics must also include the tools to create, build and manage 
design repositories, digital libraries, and ontologies that address specific engineering needs.  It 
also must include the instrumentation and logging of repositories and digital libraries so we 
know how and why they are used.  As a result, design informatics will provide the network 
infrastructure necessary to support the creation of the next generation cyber-aware products and 
services that will boost the competitiveness of the product, systems, and service industries of the 
United States.   
 
Just as there is not one set of data, knowledge, or ontology, it is not expected that there will be 
one repository with everything necessary for all users of the CI.  It is estimated that there will 
potentially be a need for perhaps 30-40 specific repositories, each with a different focus, 
architecture, and audience.  These may range from repositories of meta-models, to libraries of 
analysis tools, to repositories of CAD models.  This set of repositories will more manageably 
partition and explore the problem spaces and will also make population more manageable.  At its 
core, the CI will connect the products, processes, and people (customers, designers, tool builders) 
through and because of developments in design informatics and applications.  Germane to 
effectively connecting these entities are a series of challenges that set the stage for the present 
research and application opportunities in design informatics in the context of the CI.    
 
Rationale Capture and Reuse:  The United States, in general, does not compete on cost, but on 
adaptability and services.  To foster and increase our competitive advantage in these areas, it is 
advantageous to capture and catalog the most precious commodity in the world, human attention, 
in order to enhance and streamline future design processes.  The challenges for this task include 
the following. 

 Creating “rationale” repositories that focus on tacit data, background activities, and 
design process intent 
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 Creating proactive capture tools that map multi-media representations to extracted events 
of engineering interests 

 These knowledge representations could provide insight into handling complexity and 
uncertainty, or could help create instances of products out of well-defined product 
classes.   

 
Deep Queries to Support Design Decisions: In many of the repositories, the valuable engineering 
data, knowledge, tool, or model may include video clips, CAD files, telemetry from products, 
audio files, or databases.  This design informatics capability will be the result of database science 
intersecting with the needs of engineering.  The resulting repositories must be able to support the 
development of deep engineering queries, which will include the following issues. 

 Identifying partial solutions 
 Handling probabilistic states 
 Connecting across media 
 Connecting across representations, knowledge fusion, and extraction from semi-

structured and unstructured engineering data.   
 
Software Repositories: A set of dedicated software repositories will foster the development of 
self-integrating, adaptable software for engineering contexts, including web-accessible agents 
and services.  In order to develop customized, cyber-aware products, it is necessary to develop 
the following capabilities. 

 Service-Oriented Architectures (SOA) for engineering software components for tool 
builders, designers, and customers, including software embedded in cyber-aware products 

 Ontologies that leverage and extend web services and semantic web standards will be 
necessary to support these repositories of code, modules, and interfaces 

 
Trust and Security: This issue goes far beyond the standard security challenge of access control, 
but to the cross-domain sharing of engineering knowledge.  Given that the CI will allow capture 
of information, models, decisions, and knowledge, and will make it available, there is a clear 
need to develop tools to study cyber-trust in engineering contexts.  This will include studying the 
following issues. 

 Tools 
 Systems 
 Information hiding 
 Sanitization 
 Obfuscation 
 Abstraction 
 Protection 
 The transparency of process, data levels, and cross-domain sharing 

 
Customer Interfaces: In the new CI-age of product development and manufacture, customers will 
interface with customized, cyber-aware products at all stages of their lifecycle, requiring a 
number of fundamental issues to be investigated. 

 Interface and interaction repositories that support communication, collaboration, and 
interaction across customers, designers, tool builders.   
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 Interfacing different users of the CI with the content, tools and products in an engineering 
context 

 Evaluation methods and metrics geared at an informatics age. 
 
The development of the design informatics components of the CI will most likely have to occur 
both top-down from large agency mandates, and bottom up in pedagogical design projects in the 
classroom.  It cannot and should not be built all at once, but tractable sub-problems and problem 
classes should be identified as starting points.  Even at a basic operational level, the informatics 
foundation will significant impacts on the nation’s design capabilities, including faster 
innovation through adaptable repositories, improved productivity and time to market through 
data and knowledge access, rapid reaction to market changes, delivery of individually customize 
products, increased customer participation in the product lifecycle, and a greater workforce 
competitiveness. 

3.2. Design Simulation and Modeling in the Cyberinfrastructure 
With the dramatic advances in computational methods and computer hardware to simulate 
physical phenomena and the behavior of engineered systems, the past decade has seen a gradual 
shift from the traditional prototype construction and testing approach to simulation-based 
engineering design.  The birth of this new design paradigm calls for the integration of the 
developing capabilities in modeling, large scale computer simulations, and multidisciplinary 
design (optimization), with the developing technologies in data-intensive computing, distributed 
and grid computing, and the development of CI.  
 
The group envisions that CI will revolutionize engineering design by promoting high-fidelity 
modeling and simulation earlier in a design cycle where the impact is the greatest.  The CI, 
serving as an integration platform, will support cooperative use of multi-scale, multi-
physics/disciplines models, run through simulations on high-performance multiprocessor 
systems.  Based on efficient simulations, the CI will facilitate rapid exploration of design space 
and support collaborative, multidisciplinary design decision-making against various sources of 
uncertainty in modeling, simulation, and product use.   
 
The benefits of CI-enabled simulation-based design have been demonstrated through a wide 
range of design applications across various industries, such as, patient-specific design of artificial 
organs and tissue substitutes, environmentally benign transportation solutions, design of health 
monitoring systems for critical infrastructure, multi-scale chemical and manufacturing plant 
design, nano-to-macro design of smart materials and structures, and fault tolerant design of 
electrical power grids.  However, many grand challenges still remain due to the complexity of 
integrating multi-scale, multi-physics models across multiple lifecycle phases, the increasing 
complexity of engineering systems (from system to “system-of-systems”), the computational 
intensity of uncertainty analysis, and the complexity of integrating heterogeneous information 
(e.g., numerical vs. experimental data, stochastic vs. deterministic) in decision-making.  
Examples of challenging issues in CI-enabled simulation-based design are listed under different 
categories as follows: 
 
Model Definition:  Constructing predictive engineering models is the primary step in simulation-
based design.  To integrate models with variable fidelity, across different disciplines and various 
length and time scales in the CI, it is important to develop the following modeling capabilities. 
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 CI-enabled model management: Capturing, storing, and retrieving models from 
distributed model-repositories (CAD, cost, reliability, performance, etc.) 

 Creating models with improved predictability by learning from prior modeling activities  
 Determining which models to use when variable-fidelity models exist 
 Composing models across different length and time scales 
 Generating models automatically (e.g., discretizing and meshing for deformed shapes) 

 
Simulation:  Compared to the existing design practice, the new CI-age of engineering design will 
facilitate the design of more complex engineering systems and a stronger coupling of the 
simulation results from both hardware and software sources.  This raises a number of challenging 
issues to be investigated.   

 More complex, greater fidelity simulations based on multi-scale, multiple 
physics/disciplines modeling across multiple lifecycle phases, in support of design of 
systems with increasing complexity (e.g., system of systems) 

 Real-time and on-line simulations 
 Simulations that require computational steering (user-in-the-loop) 

 
Verification &Validation (V&V) and Uncertainty Quantification:  Verification (the process of 
determining that a model implementation accurately represents the developer’s conceptual 
description of the model and the solution to the model) and Validation (the process of 
determining the degree to which a model is an accurate representation of the real world from the 
perspective of the intended uses of the model) are equally important to ensure that the decisions 
made from CI-assisted simulation-based design are reliable.  Due to the existence of various 
sources of uncertainties in modeling and computing, V&V needs to be carried out by statistical 
means that involve uncertainty quantification.  New opportunities arise in using the CI for 
conducting V&V and uncertainty qualification.  For example: 

 The storage and utilization of large experimental data sets for model validation 
 Methods for uncertainty quantification that leverage distributed computing 

 
Synthesis and Optimization:  Design synthesis and optimization are tightly related activities that 
can benefit significantly from the computing power and the enhanced integration capabilities 
offered by the CI.  Under this topic, a set of fundamental issues needs to be investigated. 

 Optimization techniques for multi-scale simulation models 
 Creation of optimization-ready reduced order models  
 Large-scale 4D data assimilation methods that include spatial and temporal data 
 Real-time optimization algorithms 
 Efficient uncertainty propagation 
 Simulation-based optimization algorithms scalable to peta-scale processors 
 Latency tolerant algorithms for exploiting distributed computing resources 

 
Collaborative and Distributed Modeling & Simulation:  An ever-increasing need of CI for 
engineering design is driven by the multidisciplinary nature of engineering design that requires 
collaborative and distributed modeling and simulations.   This imposes a set of challenging 
issues across the boundary of engineering design and information technology. 

 Distributed multidisciplinary product realization team 
 Shared visualization 
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 Collaborative modeling 
 Non co-located data and computational resources 

 
The above challenges indicate potential research opportunities in CI-enabled simulation-based 
design.  Besides, when interfacing engineering with cyber-infrastructure, new thinking is 
required about designers interacting with computing infrastructure and how the 
cyberinfrastructure should be managed for engineering purposes.  Issues such as synchronization 
of information generated by models at different scales, load balancing of distributed 
computational models and hardware resources, and interoperability across the different lifecycle 
phases become pervasive.  The exploitation of the full potential of the emerging technologies in 
modeling, simulation, design, and cyber-infrastructure so as to push forward the capabilities, 
scope, and reliability of simulation-based engineering should be an important goal of NSF in 
supporting research and development in this area.   

3.3. Design Environments in the Cyberinfrastructure 
As the pervasiveness of personal computing and devices increase, it is only natural to consider 
that the cyber-infrastructure computing environments could be a “compute anything, anywhere” 
state.  These synthetic engineering environments will be dynamic and customizable interfaces 
and will act as a virtual design coach.  While supporting a global, collaborative, and diverse set 
of users, the environments will be based on a shift to model-driven collaboration instead of data-
driven collaboration.  The environments will allow distributed and remote access to applications, 
data, and engineering analysis.  They will allow effective collaboration with minimal software 
installation and support, an increase in access to a broader range of expertise, and integration 
with the world economy.   
 
Since the environment will primarily be the first interaction and experience a user has with the 
CI, it is critical that it is designed with the user and the diverse set of applications in mind.  For 
instance, the environments must be usable by both design experts and design novices.  This 
means that a common language, data structures, and ontologies must be developed, while 
allowing for multi-cultural users to be able to “speak their own languages”, including technical, 
domain, and cultural “languages”.  The time spent within the environments must be value-added, 
which means that interfaces must be adaptable to varying levels of use, which may include 
different interfaces for multilevel users, models, and algorithms.  Further, there could be a level 
of intelligence that collects necessary data, then automatically fits in the correct module (e.g., 
simulation, model, algorithm) and configures the proper interface for the user based on their 
current needs wherever and whenever they are engaged.  But before this ubiquitous condition of 
distributed computing can occur, there are a number of fundamental issues in the design and 
deployment of the environments that need to be considered and overcome.   
 
Multidisciplinary Nature of the Environments:  The CI, by definition will be used by and will 
support multiple engineering and technical disciplines, giving rise to a number of challenges.  

 Effective integration of engineering, computer science, and computer engineering 
 Bringing a broad range of life cycle issues into conceptual product design 
 Environment should be performance-driven as the data pushes the applications, instead of 

the applications pulling the data 
 Providing opportunities for lateral thinking and shared knowledge across disciplines 
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 Not only supporting, but fostering collaborative teams that are multidisciplinary, multi-
career level, multi-background, multi-lingual (cultural and technical languages) 

 
Real-World Relevancy:  Since the CI is not simply an academic exercise, but a long-term state of 
practice, there are a number of issues relating to its cost, effectiveness, scalability, security, and 
configurability that need to be addressed.   

 Providing successful demo projects in industry, military, academic applications  
 Developing real-time and dynamic interfaces, designed based on a systems approach 
 Providing real-time interactivity 
 Providing real-time simulation for design and manufacturing 
 Making interfaces (middleware) customizable and dynamic: including interfaces for 

model linking 
 Enabling multi-cultural collaboration, global immediacy 
 Enabling digital contracting, including IP protection 
 Providing cost effective solutions: easy implementation and use with self-service 

software 
 Methods must be run in realistic computational environments 
 Increase economic agility for companies and their network of suppliers and customers   

 
Ensuring Design Exploration: Using the CI through one of its environments will begin to shift 
the perspective from focusing on having a human always in the decision-making loop to making 
sure a computer is always in the loop, creating a number of implementation challenges.   

 Developing a virtual design coach, but not an automated decision-maker 
 Developing a virtual meeting repository to store and retrieve sessions 
 Using a problem-based – imagination-based approach (new possibilities) 
 Ensuring expandability, using the grid to perform demos, multi-modal search and design 

composition 
 Ensuring fine grained data modeling 
 Ensuring multi-resolution representation and computing 
 Having multi-fidelity models used depending on computer resources 
 Supporting easy, deployable rapid fabrication 
 Supporting multi-modal collaboration 
 Providing constraint imposition, constraint and preference representation 
 Making sure that representation and search go together, enabling concept search 

methodologies 
 Providing tools to encourage innovation 

 
Global Ubiquity:  Truly realizing the CI will require the establishment of a global network that 
provides remote access from anywhere to a hybrid architecture that supports file, model, and 
software sharing.  To get to this state, a number of related challenges await.   

 Providing platform independent data and model access 
 Accessing satellite linked design stations (access grid) for global coverage 
 Providing hybrid architectures for transactions (file sharing applications that work) 
 Running service oriented architectures: ubiquitous computing and quality of service 
 Establishing the role of mobile computing in engineering 
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 Providing global networks for quick design solutions 
 Fostering trust relation management 

 
If these issues are tackled successfully, the CI has the potential to change the way we do and 
teach engineering for decades to come.  The true effectiveness of the CI will be in the 
improvement of how engineering is done today.  This must hold true for small, medium, and 
large companies alike, making both the challenges and opportunities for the CI enormous.  While 
being high-risk, the potential is limitless as this kind of environment could translate into other 
industries such as the financial, construction, and agricultural industries to name a few.  While 
we look back at the industrial revolution and see clearly the need for its occurrence, at the time it 
was a high-risk shift in thinking.  And, although this is a high-risk endeavor now, in twenty 
years, scientists and engineers will look back and see the clarity in the decision to create, fund, 
and deploy the CI and wonder why it was even a decision that was debated.  Through the use of 
the CI environments that potentially bring all senses into design collaboration and decision-
making, engineers, scientists, and students will have immediate access to broader expertise 
(humans, models and capabilities), there will be broader exploration to design possibilities that 
focus on human innovation, and the education of long term global leaders will be fostered.   

3.4. Design Synthesis in the Cyberinfrastructure 
Advances in computer and communication technologies combined with rapid changes in 
organizations create new opportunities for exploiting cyber-infrastructure in the entire product 
realization process that involves product design, manufacturing, and other life-cycle decision-
makings.  Throughout the product realization process, engineering design has often been viewed 
as a synthesis-cum-decision-making activity that creates design options to effectively meet a 
multitude of requirements.  With the ever-increasing complexity of engineering systems, design 
synthesis is often carried out by multidisciplinary teams through distributed collaboration.  
Successful design and launch of complex artifacts, such as automotive and aerospace vehicles, 
has always required well-coordinated interaction of individuals or teams competent in 
specialized knowledge domains, reaching decisions through information exchange and balance 
of competing goals. Much of the requisite information and knowledge has migrated to computers 
in increasing rates. The stored or computed information is not just technical; it is enterprise wide, 
covering all aspects of product development, launch, and life cycle. 
 
Tightly related to design synthesis is design optimization that formulates and solves optimal 
decision-making problems using formal, mathematical programming techniques.  In well-
established multidisciplinary design optimization (MDO) methods, different design architectures 
have been developed to support collaborative multidisciplinary design following either the non-
hierarchical or hierarchical decomposition strategy.  The open standards offered by the web 
services enable the integration of programs and data from various sources, running on 
heterogeneous platforms to communicate with each other.  We envision that the future 
CyberDesign provides an integrative, optimized, dynamic, and intelligent process, which occurs 
in a multi-connected, multi-disciplinary, distributed cyberinfrastructure and creates intellectual 
property and wealth within a secure environment.  The cyber-assisted Design Synthesis share 
common challenges as other three topic areas presented in Sections 3.1 to 3.3, e.g.,  
 the integration of diverse data, models and methods;  
 the development of mathematical models for uncertainty quantification and propagation; and  
 the use of higher fidelity, adaptable models that change as design progresses. 
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At the following, a few unique areas of research challenges and opportunities related to design 
synthesis/optimization/web services are described. 
 
Establishment of standards for data, models, and methods to support product development needs:  
Standards are critical for communication and content management in CI-assisted collaborative 
design.  While network-based servers, such as NEOS (Network-Enabled Optimization System) 
and COINS (Computational Infrastructure for Operations Research), have been developed for 
solving distributed optimization problems through the Internet, amassing and interconnecting the 
needed resources in CI remains a considerable challenge.  For instance,  

 Representation and communication of necessary multi-modal information for 
collaboration and negotiation (e.g., rules, messages and announcements)  

 Cyber-assisted distributed optimization, particularly in optimization where there are a 
great number of modeling languages, solvers, and analysis tools that potentially 
interconnect in many ways   

 Transfer of information between optimization algorithms and other software tools   
 Decentralizing and indexing optimization resources in repositories whose operation also 

conforms to Web standards  
 Benefiting interdisciplinary design optimization that is readily accessible to researchers 

and to designers in companies of all sizes 
 
Modeling the design process as a complex adaptive system: Much work in distributed design 
optimization strategies for product development assumes that the hierarchy or structure of the 
organization is static throughout a design process, which is not the case in practical applications.  
When structures change, for example, by adding or removing tree branches in a given 
architecture, theoretical and practical problems arise, which imposes a set of issues in developing 
the CI that can facilitate such a dynamic process. 

 Mapping an architecture to a web services environment both for communication and for 
generation and storage of modeling information   

 Dynamic exchange and coordination of diverse design analysis and synthesis tools in 
distributed product development 

 
Sensor embedded, cyber enabled adaptive products: Cheaper microprocessors with more 
processing capacity make it economically feasible to embed small processors, equipped with 
autonomy and intelligence, in many items and locations.  This trend, which is termed as “micro 
autonomy and intelligence”, enables “atomic” transaction tracking to capture every change in the 
state of a system, and embodies local intelligence, remote control and autonomous operation.  
This will include studying the following issues. 

 Expanding the conventional scope of using sensors for warning and diagnostic systems  
 Better decision support systems that combine vast amounts of data gathered from 

different parts of the organization 
 Development of powerful processing algorithms  

 
Algorithms for decomposition and coordination of large scale distributed optimization: The 
focus of the network-based optimization servers developed in the OR (Operations Research) 
community, such as NEOS and COINS, has been on providing open sources of optimization 
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software and resource management for solving unconnected multiple optimization problems 
simultaneously, a problem not framed under the collaborative design environment.  To integrate 
heterogeneous simulation models to support a centralized design decision utilizing distributed 
computational resources, a set of new capabilities need to be developed. 

 Efficient algorithms for decomposition and coordination of multiple sub-optimization 
problems   

 Hierarchical & nonhierarchical optimization formulations that consider the 
interconnections and hierarchical layers of multiple sub-optimization problems 

 Multidisciplinary, Multilevel optimization under uncertainty 
 Expanding the existing capabilities of web services to provide for end-user composition 

of web services 
 
As design synthesis shares many common features with other decision-making activities, the 
capabilities of CI developed for product design can be easily extended to benefit other fields 
such as health care, sports, and business. As different fields may share different paradigms in 
data collection, modeling, and decision-making, the differences between the paradigms need to 
be thoroughly investigated.  One additional research objective and strategy is to prepare current 
and future generations of scientists, engineers, and educators to use, support, deploy, develop, 
and design cyber-infrastructure.  If successfully developed, the CyberDesign system has the 
potential to create and preserve intellectual property and innovation, inclusive of small 
enterprises.  It will provide faster and better product development through coordinated design 
activities and is capable to address substantially more complex problems through comprehensive 
information gathering, exchange and reuse and the support of decision-making under 
uncertainty. 

4. Cyberinfrastructure in Engineering Design and Engineering Design in 
Cyberinfrastructure 

The vision for an Advanced Cyberinfrastructure Program is “to use cyberinfrastructure to build 
more ubiquitous, comprehensive digital environments that become interactive and functionally 
complete for research communities in terms of people, data, information, tools, and instruments 
and that operate at unprecedented levels of computational, storage, and data transfer capacity” 
(Atkins, et al., 2003, p. 17).  The research challenges and areas identified by the four discussion 
groups outlined in the previous section provide directions for future endeavors in these 
respective areas.  However, this provides only a limited vision for the use of cyberinfrastructure 
in engineering design and a role for Engineering Design in cyberinfrastructure.   
 
First and foremost, Engineering Design should play a more prominent role in fostering the use of 
cyberinfrastructure by seeking “high-impact applications of advanced cyberinfrastructure 
in…engineering research and allied education” (Atkins, et al., 2003, p. 7).  In order to 
accomplish this, multidisciplinary teams need to be established to pursue CI-related funding such 
as the recent CI-TEAMS solicitation.8  We need to make sure that announcements and 
solicitations for CI-related research are disseminated broadly (and quickly) through the 
Engineering Design community, encouraging discussion among potentially interested parties.  
While many such collaborations will stem from existing collaborative projects, we should look 
                                                           
8 http://www.nsf.gov/pubs/2005/nsf05560/nsf05560.htm  
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for innovative ways to connect researchers with shared interests.  Along these lines, we suggest 
that NSF consider providing supplemental support to existing grants within Engineering Design 
that could be requested by the research group to involve faculty in fields such as computer 
science and information technology.  For instance, travel support or a week of summer support 
for interested faculty members to visit with a PI who is working on an existing project that could 
benefit from outside help.  Hopefully, reciprocal agreements could be established within the 
Directorate for Computer & Information Science & Engineering (CISE) within programs such as 
Information and Intelligent Systems to enable the reverse.  There are many ways in which the 
domain-specific research in the Engineering Design community would benefit from such 
interactions, and we envision that many developments within the CISE community could find 
unique and relevant applications within the Engineering Design community.  We need to find 
innovative solutions to engender cooperation within the confines of the framework of 
competition that arises from NSF’s peer-review process.  In essence, we need to foster a spirit of 
“coopetition”9 among researchers in academia, industry, and government to advance 
cyberinfrastructure so that it can reach its full potential.   
 
These “high-impact applications” will foster the subsequent development of cyberinfrastucture 
wherein Engineering Design can play an important role in defining the requirements for how it 
may be used.  Moreover, the Engineering Design community will be able to provide essential 
capabilities to the standard tasks required in the design of the CI, such as “requirements 
definition”.  This could include developing innovative CI “concepts” and configurations, 
narrowing down or selecting the most promising configurations, embodying the necessary 
hardware and software details of the CI, and supporting the production of the CI.  In addition, 
since many of the key decisions in design and developing the CI will be made under uncertainty 
with a substantial amount of risks involved, the substantial Decision-Based Design community 
within Engineering Design would be in a position to provide capabilities, methods, and tool to 
make these decisions most effectively.   
 

Closing Remarks 

In the EXCITED Workshop, we have taken a significant step towards coordinating the wealth of 
talent, ideas, and innovation in the ED community so that we, collectively, would be ready to not 
only obtain, but also help define, the large and long-term investments needed in 
cyberinfrastructure.  We have focused on identifying strategic areas of excellence in the ED 
community, building powerful multidisciplinary teams of researchers to capitalize on these areas 
in terms of defining funding priorities that were poised to take a leadership role in the 
development of the cyberinfrastructure.  We also built knowledge partnerships between the ED, 
Information Technology, and Computer Science communities that will provide some of the 
fundamental collaborative enterprises necessary for the development of the CI.  Lastly, we 
identified a series of high impact research topics in a diverse set of application areas that can be 
used to build program solicitations and research programs around. 

                                                           
9 Louis V. Gerstner is credited with coining this term during his historic turnaround at IBM Gerstner, L. V., Jr., 
2002, Who Says Elephants Can't Dance? Inside IBM's Historic Turnaround, Harper Collins, New York..   
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Appendix A: Workshop Agenda 

 
Day 1 – February 28, 2005 (Monday) 

 7:30 am – 8:00 am  Check in at NSF (Get Badge, Check Computer) 
 8:00 am – 8:30 am   Breakfast (Stafford II – Room 555) 
 8:30 am – 8:45 am   Welcome, Opening Remarks, and Introductions 
 8:45 am – 10:15 am  Invited Talks: “Perspectives on Cyber-Infrastructure” 

1. Suvrajeet Sen, NSF 
2. Karthik Ramani, Purdue University 
3. Jami Shah, Arizona State University 
4. Ram Sriram, NIST 

 10:15 am – 10:30 am  Coffee Break 
 10:30 am – 1:00 pm  Invited Talks: “Applications of Cyber-Infrastructure” 

1. Bill Regli, Drexel University 
2. Omar Ghattas, Carnegie Mellon University 
3. Kincho Law, Stanford University 
4. Soundar Kumara, Penn State University 

 12:30 – 1:30 pm  Buffet Lunch at Meeting Site 
 1:30 pm – 4:30 pm  Break into Groups to Discuss Research Themes: 

1. Design Informatics 
2. Design Modeling and Simulation 
3. Design Environments 
4. Design Synthesis 

 3:00 pm – 3:30 pm  Coffee & Refreshment Break 
 4:45 pm – 5:00 pm  Wrap-up and Action Items for Day 2 
 
 

Day 2 – March 1, 2005 (Tuesday) 
 8:00 am – 8:30 am   Breakfast (Stafford II – Room 555) 
 8:30 am – 9:00 am  Finalize Team Summaries from Discussion Groups 
 9:00 am – 11:30 am  Discussion Leaders Present Team Summaries 
 10:00 am – 10:15 am   Coffee Break 
 11:30 am – 12:00 pm  Closing Discussion and Wrap-up Workshop 
 Noon   Adjourn and Box Lunch 
 
Both days of the workshop were held in Arlington, VA at NSF in Stafford II – Room 555. 
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Appendix B: Workshop Participants and Discussion Groups 

Group 1: Design Informatics (Data, Digital/Design Libraries, Knowledge Management) 
1. Rob Stone, ME, University of Missouri-Rolla 
2. Andrew Kusiak, ME, University of Iowa 
3. Larry Leifer, ME, Stanford University 
4. S.K. Gupta, ME, University of Maryland 
5. Moon-Jung Chung, CS, Michigan State 
6. Bill Regli, CS, Drexel 
7. Steve Fenves, CivE, NIST 
8. Kincho Law, CivE, Stanford 
9. Ram Sriram, NIST 

Group 2: Design Simulation and Modeling (Geometric, Multi-scale, Distributed) 
1. Chris Paredis, ME, Georgia Tech 
2. Karen Willcox, AeroE, MIT 
3. Bernie Bettig, ME, Michigan Tech 
4. Mike McCarthy, ME, UC-Irvine 
5. Wei Sun, ME, Drexel 
6. Omar Ghattas, BioE & CS, Carnegie Mellon 
7. Nilufer Onder, CS, Michigan Tech 
8. Jami Shah, ME, Arizona State University 

Group 3: Design Environments (Collaborative Design/E-Design/Virtual Reality) 
1. Sundar Krishnamurty, M/IE, University of Massachusetts-Amherst 
2. Teresa Wu, IE, Arizona State University 
3. Rob Meyer, CS, Wisconsin-Madison 
4. Steve Shooter, ME, Bucknell University 
5. Karthik Ramani, Purdue, ME 
6. Sankar Jayaraman, ME, Washington State University 
7. Eliot Winer, ME, Iowa State 
8. Yan Wang, IE, University of Pittsburgh 
9. Caroline Hayes, ME, IE & CS, University of Minnesota 

Group 4: Design Synthesis (Optimization/Synthesis/Agent Networks/Web Services) 
1. Georges Fadel, ME, Clemson University 
2. Ming Lin, CS, University of North Carolina-Chapel Hill 
3. Khurshid Qureshi, ME, Ford Motor Company 
4. Panos Papalambros, ME, University of Michigan 
5. Alex Meeraus, CS, GAMS 
6. Mark Henderson, IE, Arizona State University 
7. Rob Furer, IE, Northwestern 
8. Soundar Kumara, IE, Penn State 
9. Janis Terpenny, Engr Educ, Virgina Tech 

KEY:  
Discussion Leader 
Scribe/Note Taker 
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Appendix C: Summary Slides from Discussion Groups 

The following slides are taken directly from the “Report Out” given by each discussion group on 
the second day of the workshop.  They are ordered as follows: 
 

1. Design Informatics 
2. Design Simulation and Modeling 
3. Design Environments 
4. Design Synthesis 

 
Participants in each group are listed in alphabetical order with the discussion leader indicated. 
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Design Informatics
- Report Out -

Moon-Jung Chung, Steven Fenves, S. K. Gupta, 
Kincho Law, Larry Leifer, Joe Kopena, Andrew

Kusiak, Bill Regli (lead), Rob Stone 

Discussion Focal Points

• What is cyber-infrastructure?
• Who, how and what will use it?
• Identify cyber-infrastructure needs 

– Driven by engineering design domain
– Grounded and specific (as possible)
– Not redundant with existing or generic 

cyber-infrastructure goals
• This is an important point
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What is Cyber-Infrastructure?

• Network
– The communications & computing medium
– Note: this is not specific to design

• Content
– Data, knowledge, integration, software…
– Note: in the context of engineering design

• Content creation and management tools
– Authoring, browsing, discovery, archiving, 

searching, etc…
– Note: in the context of engineering design

What is Design Informatics?

• Sure, its data, knowledge, ontologies, 
repositories, etc….
– Of what?
– For who?
– For what purpose?

• Its also about
– tools to create, build and manage design 

repositories, ontologies, etc that address specific 
engineering needs

– Instrumentation and logging of repositories so we 
know how/why they are used
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Who are the users of Engineering 
Cyber-Infrastructure?

Engineering
Cyber-Infrastructure

Customers

Designers Tool
Builders

Which topics to study?

• There is no one “Repository” with everything
• Probably need 30-40? repositories, each with 

different focus and architecture and audience
– These will more manageably partition and explore 

the problem spaces
– Makes population more manageable too

• Human-Centric focus
– The cyber-infrastructure will connect the products, 

processes, people (customers, designers, tool 
builders)
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Scenario 1: 
Rationale Capture & Reuse

• Problem: getting at tacit data, background 
activities, design process capture and learning

• Objective: Rationale Repositories
– Proactive capture tools, data representations
– Tools for mapping multi-media to extracted events of 

engineering interests 
– Connecting NLP, video processing, etc to engineering 

problems and systems
– Intelligent filtering tools to handle information overload

• Human attention is the most precious commodity 

Scenario 2: Trust & Security

• Problem: Given that we can capture everything 
and make it all available, how to control access 
and views?

• Objective: Tools & Repositories to study Cyber-
Trust in engineering contexts
– Tools, systems, corpa
– Information hiding, sanitization, obfuscation, 

abstraction, protection
– Transparency of process and data
– Multi-level, cross-domain sharing of engineering 

knowledge
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Scenario 3: Interface & 
Human Factors

• Problem: Customers will interface with new, 
customized, cyber-aware products at all 
stages of their lifecycle

• Objective: Interface and Interaction 
Repositories
– Support for communication, collaboration, 

interaction specifically in engineering contexts
• Across customers, designers, tool builders

– How to interface different users of cyber-
infrastructure with the content, tools and products?

– General techniques, evaluation methodologies, 
metrics, etc

Scenario 4: Knowledge 
Evolution & Complexity

• Problem: how to capture temporal change, 
map across engineering ontologies, handle 
uncertainty, etc?

• Objective: Knowledge Repositories
– Learn/use logic, Semantic Web, etc
– Knowledge representations to handle complexity, 

uncertainty, etc
– Create instances of products out of well-defined 

product classes
– Bridge AI & Semantic Web with engineering
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Scenario 5: Deep Queries to 
Support Design Decisions

• Problem: engineering data/knowledge is 
buried video, CAD, telemetry from 
products, audio, databases, etc

• Objective: Repositories to support 
development of deep engineering queries
– Partial solutions, probabilistic states, connect 

across media and representations, knowledge 
fusion, extraction from semi-structured & 
unstructured engineering data

– DB meets engineering

Scenario 6: 
Software Repositories 

• Problem: Choreograph a simulation & lifecycle test 
for a new, customized, cyber-aware product

• Objective: Service-Oriented Architectures (SOA) for 
engineering software components
– Software for tool builders, designers and customers; as well 

as software embedded in cyber-aware products
– We need ontologies that leverage and extend web services 

and semantic web standards
– Self-integrating, adaptable software for engineering contexts
– Repositories of code, modules, interfaces
– Web-accessible agents and services
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Where will we get data for 
repositories & ontologies, etc

• Top down
– Arecibo, NASA Pathfinder, collider, etc
– Can NSF create a challenge program with another agency or 

organization?
• Bottom up

– Pedagogical design projects, Lego robot classes, etc
• Can’t build it all at once
• Can we identify tractable sub-problems and problem 

classes?
• How to engage industry to help build the engineering 

cyber-infrastructure?

National Benefits

• Support faster innovation
• Improved productivity & time to market
• Rapid reaction to market changes
• Delivery of individually customize products
• Increased customer participation in the 

product lifecycle
• Greater workforce competitiveness

– Toward knowledge-centric engineering
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Design Modeling & Simulation 
- Report Out -

Bernie Bettig, Omar Ghattas (Lead), Ming Lin, 
Mike McCarthy, Nilufer Onder, Chris Paredis, 

Jami Shah, Wei Sun, Karen Willcox

Vision for CI-enabled M&S in Design
• Cyber-Infrastructure will revolutionize 

engineering design by promoting high-
fidelity modeling and simulation earlier in 
the design cycle where impact is greatest
– Multiple physics/disciplines
– Multiple lifecycle phases
– System-of-systems
– Multiscale
– Uncertainty quantification and propagation
– Thorough exploration of the design space 
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Grand Challenge Example: 
Design of axial flow left ventricular assist heart device 

• Development of “Streamliner” left 
ventricular assist device at 
University of Pittsburgh Medical 
Center, led by James Antaki

• Numerous advantages
– Small size
– Reliability
– Low power consumption
– Less invasive 
– Magnetic bearings

• Design challenge
– Overcome tendency to damage 

red blood cells 
– provide sufficient flow rate
– meet constraints placed by 

anatomy, physiology, 
manufacurability, cost

Grand Challenge Example: Design of axial flow left 
ventricular assist artificial heart device, cont.

• Extensive CFD modeling and 
optimization by Greg Burgreen

• Simulations based on macroscopic 
homogeneous flow models (Navier-
Stokes)

• Major reductions in
– stagnated flow regions (reduces 

thrombosis) 
– shear stresses (reduces hemolysis)

• But model is homogeneous: 
incapable of predicting variation in 
RBC concentration

• Are regions of high shear devoid of 
RBCs? 

– Bearing journals
– Blade tip regions

• Macroscopic models fail in such 
regions; length scales too small
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Towards CI-enabled Multiscale Design of Pediatric Artificial 
Heart Device

Lifecycle of high-fidelity simulation-based design
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Cyber-Infrastructure Engineering Design:
Challenges in Defining Models

– CI-enabled model management:
How to capture, store, retrieve models from 
distributed model-repositories? (CAD, cost, 
reliability, performance)

– How to create models by learning from prior 
modeling activities

– Which models to use?
– How to compose models
– How to generate models automatically? (meshing, 

…)

Cyber-Infrastructure Engineering Design:
Challenges in Simulation

• More complex, greater fidelity simulations in 
support of design
– Multiple physics/disciplines
– Multiple lifecycle phases
– System-of-systems
– Multi-scale

• Real-time and on-line
• Computational steering (user-in-the-loop)
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Cyber-Infrastructure Engineering Design:
Challenges in V&V and Uncertainty Quantification

• Validation & Verification
– Large experimental data sets for model validation

• Uncertainty quantification
– Methods for UQ that leverage distributed 

computing
– Design under uncertainty
– Uncertainty propagation

Cyber-Infrastructure Engineering Design:
Challenges in Synthesis and Optimization

• optimization techniques for multiscale 
simulation models

• optimization-ready reduced order models
• large scale 4D data assimilation methods
• real-time optimization algorithms
• uncertainty quantification and propagation
• simulation-based optimization algorithms 

scalable to petascale processors
• latency tolerant algorithms for exploiting 

distributed computing resources
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Cyber-Infrastructure Engineering Design:
Challenges in Collaborative and Distributed 

M&S

• Non colocated multidisciplinary product 
realization team

• Shared visualization
• Collaborative modeling
• Non co-located data and computational 

resources

Cyber-Infrastructure Engineering Design:
Challenges in Engineering Interfaces with 

CI
• Requires new thinking about designers 

interacting with computing infrastructure
• Managing cyber-infrastructure for 

engineering purposes
• Interoperability
• Load-balancing
• Which simulation?  How many? 
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Cyber-Infrastructure Engineering Design:
Benefits

• CI + engineering design = simulation-based 
design of complex multiphysics, multiscale, 
multidisciplinary systems across the product life-
cycle:
– Patient-specific design of artificial organs and tissue 

substitutes 
– Environmentally benign transportation solutions
– Design of health monitoring systems for critical 

infrastructure
– Multiscale chemical and manufacturing plant design
– Nano-to-macro design of smart materials and 

structures
– Fault tolerant design of electrical power grid
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Design Environments
- Report Out -

Caroline Hayes, Sankar Jayaraman, Rob Meyer, 
Karthik Ramani (Lead), Steve Shooter, Yan

Wang, Eliot Winer, Teresa Wu

Trust
Security
Interoperability 

Practical
Cost Effective
Scalable
Secure 
Configurable

Real World Latent Needs

Multidisciplinary

Ubiquitous 
Distributed
Computing

C
om

puter in the loopG
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Multi-granular 
Representations

Multi-modal 
interfaces

Dynamic repositories
sharing knowledge

User needs
Search on 
unstructured 

Non-monolithic
Simulation
Analysis

Large scale 
Distributed 
(OR-CI-ED) 
tools

CI-
based

D
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Real world needs
• How is cluster computing going to change 

engineering in industry? How is CI relevant to the real 
world: industry, military, etc.

• Real-time and dynamic interfaces, designed based 
on systems approach, research follows this

• Real time interactivity
• Real time simulation for design and manufacturing
• Make interfaces (and beneath software) customizable 

and dynamic: including interfaces for model linking
• Do something real: back end complex; research 

demonstration projects: show it to me!

Real world needs
• Enable multi-cultural collaboration, global immediacy
• Industry research bridge critical gaps: strategies
• Digital contract: IP protection
• Cost effective solutions: easy implementation and 

use (not $600 k and several years) self service 
software

• Methods not run in unrealistic computational 
environments

• Increase economic agility
• Identify opportunities for demonstrable success.
• Successful implementation promote adoption.
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Design Exploration (computer 
in the loop)

• Virtual design coach
• Virtual meeting repository to store and retrieve sessions
• Problem based approach – imagination based approach (new possibilities)
• Synthetic engineering environments “SEE”.
• Expandability: use grid make it easy show the future demo!

multimodal search and design composition using the grid
• Fine grained data modeling
• Multi-resolution representation and computing
• Multi-fidelity models used depending on computer resources
• Easy, deployable rapid fabrication
• Multimodal collaboration
• Constraint imposition, constraint representation preference and constraint
• Representation and search go together – concept search methodologies
• Tools to encourage innovation

Multi-disciplinary

• Engineering + computer science + computer 
engineering

• Bring broad range of life cycle issues into 
conceptual design

• Performance-driven vs. need-driven.  Data 
push vs. pull

• Examine opportunities for lateral thinking 
across disciplines

• Collaborative teams – multidisciplinary, multi-
career level, multi-background (domain)
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Global Ubiquity
• Platform independent data + model access
• Satellite linked design stations (access grid) for 

global coverage
• Hybrid architectures for transactions (file sharing 

apps that work)
• Service oriented architectures: ubiquitous computing 

and quality of service
• What is the role of mobile computing in engineering? 

Eg: maintenance and other services, link physical 
and real, etc.

• Global networks for quick design solutions
• Network accessible design tools
• Trust relation management

HCI usability interfaces
• How to get the computer in the loop?
• Environment usable by non-experts
• Focus on HCI for design Tools – better focus on supporting 

designer’s actual needs
• System interaction that conveys design “intent” from user to user
• Simple tools can be usable and powerful
• Simple user interface
• Value-added – augment existing best practices widely accepted
• Interfaces for configuration space exploration
• Semantics – establish common language, data structures and 

ontologies
• Focus on HCI for design tools: Better user acceptance = benefits

from tools
• Better HCI – why mouse and keyboard?
• Data driven design automation batch vs. interactive mode
• Multiphysics interfaces for varying levels of use
• Algorithmic usability levels?  Can another student use it?
• CI – Algorithm/decision support converge? Optimal?
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Representation
• Formalization of context

• Information transformation within and between levels of abstraction

• Model representation issues (base, virtual layer, cyber-layer)

• More effective use of structured and unstructured data for engineering design

• Quick geometric modeling and sculpting

• Complete product model – not just geometry – function, validation, etc.

• Intelligent (Agent?) that collects necessary data, then fits in the correct module 
(simulation or whatever) and configures the right interface for the user based on his 
current needs

• Uncertainty handling and robustness of engineering (imperfect world)

• Interoperability (standard) linkage of disparate methods and models NOT just data

• Mixed CSP, optimization and hybrid methods: with operations such as cascading 
accessible to user (to designer)

Representation
• Data + Model Access regardless of connection type
• Device independent data and model access
• Functionality integration of software systems: Inter-software 

compatibility (engineering software)
• System level interoperability Standard for process
• Protocols and standards: data and engineering model services 

protocol: enable cross domain and cross system knowledge and 
model sharing. 

• PDM/PLM/etc build on standard structure and too rigid to 
conform to operational culture within organizations

• Globalization (external links to PDM/PLM): mostly intra 
organizational

• NSF play an active role of social responsibility in increasing 
SBIR for CI parallel commercialization (eg: google)
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Trust

• Data access control in sharing and exchange
• User awareness
• Incorporate organization culture
• Social good
• Global design teams build international economic 

interdependency = builds global political stability
• Users with diverse backgrounds, capabilities, education 

levels
• Internationalization – cultural thinking and processes.
• Environment – cater to diverse users
• Cross-culture design experience/knowledge sharing
• Global cultural awareness for design needs
• User adoption and compliance

Group Sharing
• Intelligent agent to collect/use/reuse data for 

knowledge
• Build common work culture across multiple sites or 

organizations
• Increase team building across geographic and 

organizational boundaries
• Create opportunities to share metrics
• Secured information sharing
• Effective massive data/knowledge handling 

mechanism to capture the design data/knowledge
• Knowledge sharing (secure knowledge sharing)
• Create opportunities to share best design practices
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Distributed collaboration

• Distributed/remote access to applications/data
• Distributed (internet-based) engineering analysis to be shared among SME
• Effective collaboration with minimal software installation and support
• Service reference
• Distributed collaborative design:  Reduce travel and personal costs of design team 

members
• Distributed collaborative design: increase access to broader range of expertise
• Distributed collaborative design: increase reate of information exahcnge for “linking” 

variables (more optimal solution)
• Distributed collaborative design: keep all designers on distributed team on “same page”
• Distributed collaborative design: integrate with world economy
• Model driven collaboration (rather than data driven)
• Data and model duplexing and mirroring in real-time
• Multiple, simultaneous distributed users working on same product at same time
• Distributed decision support (optimization)

Information filtering
• Information filters based on user prescribed efficiencies
• Information filters based on relevance; don’t wast user’s time filtering large data sets

Tools for Fuzzy Front End
• Tools for fuzzy front end: help to translate customer information to product specs
• tools to translate customer needs to concept ideas
• fast sketching for networked collaborators

VR
• HiDef video on demand and convenient between users
• Real-time, natural interaction visual models on the internet
• Visualization to support human decision-making
• Bring all senses into design environment
• Portable stereo virtual stations deployable anywhere
• Complete integration of VR (new HCI) into ALL engineering applications
• Realistic virtual discussion environment
• Immersive environment – human interaction
• Less cumbersome VR for daily use by engineers
• Education of engineers for new HCI, VR, etc.
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Education
• Move away from “deterministic environment” education transformation 

to “dynamic systems thinking”
• Engineering view (all in one) eliminate mechanical parts! (mech-

electronic-software)
• Educating engineers of new culture of global enterprises – multiple 

cultures, work ethics, time zones, interaction.
• Engineering education using the ever growing suite of tools and 

applications.
• Appeal to educational curiosity – people end session “enlightened.” 
• Collaborative design + product development network for K-12
• Users with diverse learning styles (cultural backgrounds etc)
• Invest in long term global leaders with cyber education

Summary
• Benefits: 

– Immediate access to broader expertise (humans, 
models and capabilities)

– Broader exploration to design possibilities
– Focus on human innovation 

• Opportunities
– “Show me” sharable testbed design environment 

and demonstrations.
– Use design classes as research test bed
– Research based on real world “gap analysis”
– Drive engineering applications towards next 

generation “human-centered” computin
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Design Synthesis
- Report Out -

Wei Chen, Georges Fadel, Bob Fourer, Sundar 
Krishnamurty, Soundar Kumara (Lead), Bob 

Meyer, Panos Papalambros, Khurshid Qureshi, 
Janis Terpenny

Vision

• CyberDesign
– Is an integrative, optimized, dynamic, 

intelligent process
– Occurs in a multi-connected multi-

disciplinary distributed cyber-infrastructure 
– Creates intellectual property and wealth 

within a secure environment 
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Benefits

• Creation and preservation of intellectual 
property and innovation, inclusive of small 
enterprises

• Faster and better product development 
through coordinated design activities

• Ability to address substantially more complex 
problems

• Comprehensive information gathering, 
exchange and reuse  

• Support of decision making under uncertainty

Research objectives and 
strategies

• Integration of diverse data, models and methods
• Establishment of standards for the above to 

support product development needs
• Development of mathematical models for 

uncertainty quantification and propagation
• Modeling the design process as a complex 

adaptive system
• Prepare current and future generations of 

scientists, engineers, and educators to use, 
support, deploy, develop, and design cyber-
infrastructure 
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Further research objectives and 
strategies

• Sensor embedded, cyber enabled adaptive 
products

• Automated benchmarking for quality control
• Algorithms for decomposition and coordination of 

large scale distributed multi-level problems
• Higher fidelity, adaptable models that change as 

design progresses.
• Synthesis in nature and design synthesis
• Emerging properties – design ants or crawlers
• Survivability of design networks
• Paradigms applicable to other fields such as 

health care, sports, business


