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Enabling Technology 

Å The 1015 increase in computer 

power enables codes to: 

ï Utilize accurate solution methods 

ï Include all the effects we know to 

be important 

ï Model a complete system 

ï Complete parameter surveys in 

hours rather than days to weeks 

to months 

Å In ~ 10 years, workstations will be 

as powerful as todayôs high 

performance computers 
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Computational Tools Are Becoming Widely 
Used In Science And Engineering 
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Computational Science And Engineering 
Has Five Major Elements. 

Sponsors Users Codes V&V Computers & 

Networks 

Sponsors provide 

mission and 

funding to solve 

their problems 

Use tools to 

solve problems, 

do designs, make 

discoveries 

More 

complicated 

models + 

larger 

programming 

challenges  

Harder due to 

inclusion of 

more effects 

and more 

complicated 

models 

Making 

progress but 

at cost of 

massive 

parallelism 

and processor 

complexity 

Users solve the 

sponsorsô 

problem, provide 

impact! 

Greatest 

bottleneck  

Inadequate 

methods, 

need 

paradigm shift 

Must reduce 

programming 

challenge 

Å We need to develop a total capability to solve problems, 

not just build codes or computers.  
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Reductionism and Emergence 
Why V&V is important! 

Å Complex multi-physics and multi-scale codes include tens to 
hundreds of effects 

ïReduce problem to its constituent elements 

ïAnswer depends on trade-off of many competing effects 

Å Robert Laughlin* (Nobel Prize, 1999) and others point out:  Solution 
of complex problems by calculating the trade-off the detailed 
effects (reductionist) is an NP incomplete problem 

Å We only solve problems when we can use a set of overarching or 
ñemergentò principles (e.g. conservation laws, symmetry, 
thermodynamic principles,é) 

ïExample:  hydrodynamics for water flow, not molecular dynamics 

Å How can we ensure that our complex models correctly capture the 
relevant emergent principles? 

ïValidation is the best (only?) tool we have 

 *R. Laughlin, The Physical Basis of Computability, 2002, Computing in Science and Engineering, 4, 27-30. 
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Computational Science And Engineering Is Making The 
Same Transition That Experimental Science Made In 

1930 Through 1960. 

Å ñFew-effectò codes developed by small teams (1 to 3 scientists) Ą ñMany-
effectò codes developed by larger multi-disciplinary distributed teams (10, 20 
or more staff). 

Å Analogous experimental science transition made in 1930-1960 time frame 

Å Small-scale science:  a few scientists at small laboratories Ą ñbig scienceò 
experiments with large, distributed teams and large facilities.  

Å ñBig Scienceò experiments Ą greater attention to formality of processes, 
project management issues, and coordination than small-scale science.  

Å Experimentalists were better equipped than most computational scientists  
and they had more time to make the transition. 
ï Small scale experiments require much more interaction with the outside world than small-

scale code development.   

ï Experimentalists had ~20 years, while computational scientists are doing the transition 
much more quickly.   

Early 1930ôs Late 1930ôs CERN ïLHD 2010 
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Small Team Development of Application Codes 
Could Use Serial Development Workflows 
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Large Teams Required Parallel 
Development With No Contingency.  

Delayed delivery of Package with 

Effect C led to missed milestones. 
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NRC: Computing is changing. 
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Clock Speed Growth Has Stalled 
But Not Transistor Density Growth 
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ñWhatôs it All About?ò 

Å Processor speed is stalled out at about 3GHz due to power 

and cooling limits 

Å However, feature size can still be reduced 

Å To get more performance, chip manufacturers are increasing 

the number and type of processors on a chip (multi-core) 

Å ñHail Mary Pass*ò to Application Code developers:  sequential 

Ą massively parallel (with heterogeneous processors) 

Å Many Science and Engineering applications: Completely 

sequential to moderately parallel (mostly data parallel) 

Å Community will need to invest in application software 

development and new software ñstacksò 

Å Will require new algorithms and software   

engineers/computer scientists 

Å Requires the focus of the national HPC community 

Å Will require explicit support of code development! 

*D. Patterson, The trouble with Multi-core, 2010, Spectrum, IEEE, 47, p7. 
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Developing Complex Codes Takes 
A Large Team A Long Time 

2003 

~20 

From: D. Post, R. Kendall and E. Whitney, ñCase Study of the Falcon Code Projectò, 

Proceedings of the Workshop on Software Engineering for High Performance Computing, 

International Conference on Software Engineering, May 15, 2005, St. Louis, Missouri. 
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Development of Science-Based Software 

is a Complex Process! 
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Development of Science-Based Software is Risky! 
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What Do We Do? 

Å Bottom line:  Too expensive, too long and too risky.   

ïWe have to do better, but how? 

Å Study the past and identify the ñlessons learnedò 

Å Study the present challenges and assess what is needed to 

overcome them 

Å Implement the lessons learned in light of the changing 

environment and challenges 

Å Continually assess what works and what doesnôt 

Å Given the scale of the challenges, explicitly fund code 

development by multi-disciplinary teams for sufficiently 

long to develop and implement complex codes 

Å Provide supportive development and production 

environments 
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Lessons Learned Are The 
Way Forward!!! 

1 

2 

3 

4 

ÅCase studies conducted after each 

crash. 

ÅLessons learned identified and adopted 

by community 

ÅComputational Science is at stage 3 

Tacoma Narrows Bridge buckled 

and fell 4 months after construction!  

Å 4 stages of design maturity for a 

methodology to matureðHenry 

PetroskiðDesign Paradigms, 1994, 

Cambridge Press.  

Å Suspension bridgesðcase studies of 

failures (and successes) were essential 

for reaching reliability and credibility 

Å Itôs The Scientific Method! 
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Case Studies of 6 Federal Agency 
Projects Identified ñLessons Learned*ò 

The Successful projects emphasized these and the unsuccessful projects 
didnôt! 

 

Å Conservative approach  -  Minimize Risks! 
ï Building on successful code development history and prototypes  

ï Solid science and computational mathematics is the most important  element 

ï The use of proven Software Engineering rather than new Computer Science  
īDonôt let the code project become a Computer Science research project! 

Å Sound Software Project Management  -  Plan and Organize the Work! 
ï Highly competent and motivated people in a good multi-disciplinary team 

ï Development of the team 

ï Software Project Management: Run the code project like a project 

ï Determine the Schedule and resources from the requirements 

ï Identify, manage and mitigate risks 

ï Focus on the customer 
ī For code teams and for stakeholder support 

ï Software Quality Engineering: Best Practices rather than Processes 

Å Verification and Validation ï Correct Results are Essential! 
ï Need for improved V&V methods became very apparent 

*Software Project Management and Quality Engineering Practices for Complex, Coupled MultiPhysics, Massively Parallel 

Computational Simulations, D. E. Post and R. P. Kendall, The International Journal of High Performance Computing 

Applications, 18(2004), pp. 399-416  
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Example:  Computational Research and 
Engineering Acquisition Tools and 
Environments (CREATE) Program 

Å CREATE is a DoD program to develop and deploy 

multiphysics-based software for engineering design 

and analysis of: 

Å Air Vehicles (AV) 
ï Aerodynamics, structures, propulsion, control, concept designé 

Å Ships 
ï Shock vulnerability, hydrodynamics, concept design 

Å Radio Frequency (RF) Antennas 
ï RF Antenna electromagnetics and integration with platforms 

Å Mesh and Geometry (MG) Generation 
ï Rapid generation of mesh and geometry representations 

F-35 

CREATE tools support all stages of acquisition from rapid 

early stage design to full life-cycle sustainment  
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Present Product Development Process 
Iterated Design Ą Build Ą Test Cycles 

ÅLong time to market 

ïRequires many lengthy and expensive 

design/build/test iteration loops 

ÅProcess converges slowly 

ïProcess is rigid, not responsive to new requirements 

ïDesign flaws discovered late in process leading to rework 

ïSystems Integration happens late in process  

Build 
Physical Product 

Requirements Design Test 
Physical Product 

Manufacture, 
Sustain, and 

Modify 
 (Many) Design 

iterations 
F-22 Flight Test 
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ÅReduced design and development time 

ïHighly scalable computational performance analysis of 

virtual prototypes reduces the need to test real prototypes 

ÅProcess converges much faster 

ïProcess is flexible, very responsive to new requirements 

ïDesign flaws early in process reducing rework 

ïSystems Integration happens at every step of the process  

Build Mesh Requirements Design on 
Computer 

Analyze 
Performance 

Manufacture,  
Sustain, and 

Modify 

 (Many) Design iterations 

MultiPhysics-Based Performance Analysis 
Increases Productivity for Complex Systems 

Ground-
based and 
Flight Tests 
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Performance Analysis of Virtual Prototypes 
Is the Key 

Concept 

Development 
Engineering Development Post Development 

Material 

Solution 

Analysis 

Technology 

Development 

Engineering and 

Manufacturing Development 

Production and 

Deployment 

Operation 

and Support 

B A C IOC FOC 

AOA 

Mission 

Need 

Determination 

Experimental Sub-System 

 Prototypes 

Experimental System 

Prototypes 

Å Replace ñrule of thumbò extrapolations of existing designs with physics-

based designs 

Å Inject physics into design early and all through the process! 

Virtual Integrated Prototyping Environment 
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CREATE Is a Multi-Service, Multi-
institutional Program:  Strong Teams 

HPCMP Executing 

Agent  

HPCMP Director 

CREATE Program  
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CREATE is a Distributed Set of 
Teams at DoD Engineering Centers 
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The CREATE Approach 

ï Increased capability annually 

ï Extensive beta-tests of each 

release 

ï Rigorous V&V process 

ï Improved scalability for 

massively parallel computers 

ï Improved usability 

ï Responsive to evolving 

requirements 

ï Gates for transition from one 

phase to the next 

Å Software built by government-led teamsðthe business 

model 

Å Annual releases of each product following a three-phase 

roadmap 
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Long term roadmap is important 
Example: NESM 12 Year Roadmap 

ÅFY-08 => Planning, Start UC I 

ÅFY-09 => UC I Development 

ÅFY-10 => UC I Improvement 

ÅFY-11 => UC I Production 

ÅFY-12 => UC II Improvement 

ÅFY-13 => UC II Production 

ÅFY-14 => UC III Production 

ÅFY-15 => UC IV Development 

ÅFY-16 => UC IV Improvement 

ÅFY-17 => UC IV Production 

ÅFY-18 => UC V Production 

ÅFY-19 => UC VI Production 
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Navy Enhanced Sierra Mechanicsð
Ship Shock Analysis 

Å NESM Development Plan & Requirements Based On Six (6) Use 

Cases 

ï UC I => Ship Response To Standoff UNDEX Where Structure Remains 

Predominantly Elastic (minimal damage)-FY10-11 

ï UC II => Ship Response to UNDEX Causing Moderate Structural Damage-

FY11-12 

ï UC III => Ship Response To UNDEX Causing Severe Structural Damage 

(including SURFEX) 

ï UC IV => Ship Response To AIREX Causing Moderate Structural Damage 

ï UC V => Ship Response To AIREX Causing Severe Structural Damage 

ï UC VI => Ship Response To Unconventional Weapon Attacks 

Å Use Case I capability completed in FY2011 

Å NESM selected by Navy as M&S tool for the Full Ship Shock 

Trial for the new CVN-78 aircraft carrier  
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Software Engineering Focused on Producing 
High Quality Engineering Software Tools 

Å Goal:  maintainable, extensible, portable, reliable, 

high quality, and long life cycle software 

Å Software engineering practices designed for 

technical software 

Å Agile development methods (e.g. SCRUM) 

Å Extensive documentation 
ï Development plans; Technical, Developer, & User Manuals; Test Plané(+ 

training, tutorials, sample input and output,é) 

Å V&V is a key priority 
ï Verification at every level 

ï Extensive Validation (large potential role for defense industry) 

ï Extensive Beta testing (a key opportunity for defense industry input) 

Å User support 
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