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The Vicious Cycle of 
Computational Science

• As computers grow more powerful, 
computational simulations provide better 
results
– More accurate results for more realistic models

• Better results increase the demand for 
computational simulation
– Must model larger systems with increased fidelity

• More demanding and larger simulations 
require more powerful computers
– Iterate from 1945 – 2004 and beyond

• Mostly a good thing.  Except…
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Complexity: 
The Price of Success?

• As models increase fidelity, software implementing 
them gets more complex

• As problems get larger, more complex software is 
required to implement them efficiently

• As computers increase in capability, they become 
more complex
– Hardware complexity is exposed to the programmer
– Must be managed by the software to obtain the best 

performance
• Larger, more complex simulations produce larger and 

more complex results, which must be analyzed and 
understood to advance science
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Complexity Reduces Productivity

• Complex software takes longer to develop

• Complex software takes longer to optimize

• Larger and more complex results take more 
time to manage and analyze

• … so computational scientists spend less 
time “doing science”
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Three Approaches to Raising 
Productivity

• The Common Component Architecture (CCA)
– Improving the scientific software development process 

through the use of component-based software engineering

• The Tensor Contraction Engine (TCE)
– A high-level language and optimizing compiler specialized to 

the needs of a class of applications in quantum chemistry 
and physics

• The Earth System Grid (ESG)
– Providing efficient management and community access to 

terabyte-scale climate simulation data
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The Common Component 
Architecture

work by members of the
Center for Component Technology for 

Terascale Simulation Software
(ANL, Indiana, LANL, LLNL, ORNL, 

PNNL, SNL, Utah)
and the

CCA Forum

http://www.cca-forum.org

CCA
Common Component Architecture
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Modern Scientific Software 
Development

• Terascale computing will enable high-fidelity calculations based on multiple 
coupled physical processes and multiple physical scales 

Discretization

Algebraic Solvers

Data Redistribution

Mesh

Data Reduction

Physics Modules

Optimization

Derivative Computation

Collaboration

Diagnostics

Steering

Visualization

Adaptive Solution

Time Evolution

– Adaptive algorithms 
and high-order
discretization strategies

– Composite or hybrid 
solution strategies

– Sophisticated 
numerical tools
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Component-Based Software 
Engineering

• CBSE methodology is emerging, especially popular (and 
successful) in  business and internet areas

• Software productivity
– Provides a “plug and play” application development environment
– Many components available “off the shelf”
– Abstract interfaces facilitate reuse and interoperability of software

• “The best software is code you don’t have to write” [Jobs]
• Software complexity

– Components encapsulate much complexity into “black boxes”
– Plug and play approach simplifies applications & adaptation
– Model coupling is natural in component-based approach

• Software performance (indirect)
– Plug and play approach and rich “off the shelf” component library 

simplify changes to accommodate different platforms
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CCA Compared to Other 
Component Models

• A component model specifically designed for high-
performance scientific computing
– “Commodity” component models (i.e. CORBA, COM, EJB) 

aren’t adequate

• Supports both parallel and distributed applications
– Commodity models focus on distributed only

• Designed to be implementable without sacrificing 
performance
– Distributed timescales O(ms-s); parallel timescale O(ns-µs)

• Minimalist approach makes it easier to componentize
existing software
– CCA requires just one new method, minimal modifications 

elsewhere to be a useful component
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Components  Compared to 
Traditional Scientific Programming
• Components are typically discussed as objects or 

collections of objects
– Interfaces generally designed in OO terms, but…
– Component internals need not be OO
– OO languages are not required

• Component environments can enforce the use of 
published interfaces (prevent access to internals)
– Libraries can not

• Libraries are often hard to compose together

• Components must include some code to interface 
with the framework/component environment
– Libraries and objects do not

• Components only exist within a component 
environment (framework)
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Domain-Specific Frameworks vs  
Generic Component 

Architectures
Domain-Specific

• Often known as 
“frameworks”

• Provide a significant 
software infrastructure to 
support applications in a 
given domain
– Often attempts to generalize 

an existing large application
• Often hard to adapt to use 

outside the original domain
– Tend to assume a particular 

structure/workflow for 
application

• Relatively common

Generic
• Provide the infrastructure to 

hook components together
– Domain-specific 

infrastructure can be built as 
components

• Usable in many domains
– Few assumptions about 

application
– More opportunities for reuse

• Better supports model 
coupling across traditional 
domain boundaries

• Relatively rare at present
– Commodity component 

models often not so useful 
in HPC scientific context
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Key Features of the CCA

• Visual “programming” paradigm for application 
assembly

• Frameworks maintain performance of local and 
parallel components

• Language independence for components

• Express interfaces independent of implementation

• A tool to enhance the productivity of scientific 
programmers
– Make the hard things easier, make some intractable things 

tractable
– Support & promote reuse & interoperability
– Not a magic bullet
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Basic CCA Terminology
• Port (aka interface)

– Procedural interface (not just dataflow!)
– Like C++ abst. virtual class, Java interface
– Provides/uses design pattern

• Component
– A unit of software deployment/reuse (i.e. has interesting functionality)
– Interacts with the outside world only through well-defined interfaces
– Implementation is opaque to the outside world
– Components are peers

• Framework
– Holds components during application composition and execution
– Controls the “exchange” of interfaces between components (while ensuring 

implementations remain hidden)
– Provides a small set of standard, ubiquitous services to components

• CCA spec doesn’t specify a framework per se, so components can be constructed 
to provide framework-like services

Linear 
Function

Fun

Integrator

Result Fun

Config
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“Wiring Diagram” for CFRFS App.



Emory University 1510 February 2004

High Performance and Parallelism

• Single component multiple data 
(SCMD) model is component 
analog of widely used SPMD 
model

P0 P1 P2 P3

Components: Blue, Green, Red

Framework: Gray

MCMD/MPMD also supported

•Different components in same 
process “talk to each” other via 
ports and the framework

•Same component in different 
processes talk to each other 
through their favorite 
communications layer (i.e. 
MPI, PVM, GA)

• Each process loaded with the 
same set of components wired 
the same way

Other component models 
ignore parallelism entirely
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Language Interoperability

• Existing language 
interoperability 
approaches are “point-
to-point” solutions

• Babel provides a unified 
approach in which all 
languages are 
considered peers

• Babel used primarily at 
interfaces

C

C++

f77

f90

Python

Java

Babel

C

C++

f77

f90

Python

Java
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CCA Application Areas & 
Component Infrastructure 

• Combustion
• Global Climate Modeling
• Quantum Chemistry
• Fusion
• Materials Science  &

Nanoscience
• Underground radionuclide 

transport
• Scientific Data Management
• Large-Scale Visualization
• Biomedical Engineering

• Distributed Arrays and basic 
parallel linear algebra

• Parallel Data Redistribution
• Meshing and discretization
• PDE Solvers
• ODE Integrators
• Optimization
• Structured Adaptive Mesh 

Refinement
• Performance Observation
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Computational Facility for 
Reacting Flow Science (CFRFS)

• SciDAC BES project, H. Najm PI
• Investigators: Sofia Lefantzi 

(SNL), Jaideep Ray (SNL), 
Sameer Shende (Oregon)

• Goal: A “plug-and-play” toolkit environment for flame 
simulations

• Problem Domain: Structured adaptive mesh 
refinement solutions to reaction-diffusion problems
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Scientific and Technical Summary
• H2-Air ignition on a structured 

adaptive mesh, with an 
operator-split formulation

• RKC for non-stiff terms, BDF 
for stiff

• 9-species, 19-reactions, stiff 
mechanism

• 1cm x 1cm domain; max 
resolution = 12.5 microns

• Kernel for a 3D, adaptive mesh 
low Mach number flame 
simulation capability in SNL

• Components are usually in C++ 
or wrappers around old F77 code

• Developed numerous 
components
– Integrator, spatial discretizations, 

chemical rates evalutator, 
transport property models, timers 
etc.

– Structured adaptive mesh, load-
balancers, error-estimators (for 
refining/coarsening)

– In-core, off-machine, data 
transfers for post-processing

• TAU for timing (Oregon)
• CVODES integrator (LLNL)
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“Wiring Diagram” for CFRFS App.
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Component-Based Integration of 
Chemistry and Optimization

Packages:
Molecular Geometry Optimization

Yuri Alexeev, Manoj Krishnan, Jarek Nieplocha, Theresa Windus (PNNL) 
Curtis Janssen, Joseph Kenny (SNL)

Steve Benson, Lois McInnes, Jason Sarich (ANL)
David Bernholdt (ORNL)
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CCA Quantum Chemistry Project 
Overview

• Previous Work: Demonstrated interoperability of NWChem and MPQC 
chemistry packages with Toolkit fo Advanced Optimization (TAO)

• Current Focus: Moving from “proof of concept” stage toward real end-user 
applications

• Performance evaluation of optimization components
• Examine efficiency of algorithms provided by TAO (ANL) for optimization of quantum 

chemistry models based on NWChem (PNNL) and MPQC (SNL) with core linear algebra 
support from Global Arrays (PNNL) and PETSc (ANL)

• Further development of optimization capabilities
• Develop interfaces and implementations providing internal coordinate generation, 

constrained optimization, and configurable convergence checking
• Graphical User Interface to assemble and run applications

• Provide user-friendly front-end and visualization
• Provide feedback for framework builder services development

• Future plans: Exploring chemistry package integration through hybrid 
calculation schemes and sharing of lower-level intermediates such as 
integrals and wavefunctions
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Optimization
ui+1 = ui + αs…

GUI

Linear
Algebra NWChem

Coordinate Model 
(perform transformations)

MPQC

Builder
Construct application using 
framework builder services

Model Factory (instantiate model)

f,g,Hui+1sg,H

User 
Input

ui+1

f,g,H

build options

PETSc

GA

ui+1 (visualization)

f(u)  energy

u Cartesian coordinates

u internal coordinates

g gradient (in Cartesians)

g gradient (in internals)

H Hessian (in Cartesians)

H Hessian (in internals)

s update (in internals)

Software Architecture
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Preliminary Performance 
Evaluation

Chemical System Statistic NWChem NWChem/TAO

4-waters
(52 basis functions)

Iterations
Energy Evals
Gradient Evals
Time (sec)

105
202
105
915

132
139
139
881

h3po4-water
(68 basis functions)

Iterations
Energy Evals
Gradient Evals
Time (sec)

130
246
130
4283

147
160
160
3831

isoprene
(65 basis functions)

Iterations
Energy Evals
Gradient Evals
Time (sec)

63
124
63

2007

65
68
68

1560

glycine
(55 basis functions)

Iterations
Energy Evals
Gradient Evals
Time (sec)

51
95
51

1109

92
98
98

1625
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CCA Summary

• Component-based software engineering is a tool to…
– Simplify construction of complex software systems
– Facilitate interoperability and reuse of software

• The CCA is specially designed for high-performance 
scientific computing
– Close interaction between domain scientists and computer 

scientists

• Theoretical benefits of CBSE are being borne out by 
initial CCA applications
– Combustion, Quantum Chemistry, Climate Modeling, 

Fusion…
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The Tensor Contraction Engine: 
A Tool for Quantum Chemistry

Oak Ridge National 
Laboratory

David E. Bernholdt,
Venkatesh Choppella, Robert 
Harrison

Pacific Northwest National 
Laboratory

So Hirata

Louisiana State University
J Ramanujam

Ohio State University 
Gerald Baumgartner, Alina
Bibireata, Daniel Cociorva, 
Xiaoyang Gao, Sriram
Krishnamoorthy, Sandhya
Krishnan, Chi-Chung Lam, 
Quingda Lu, Russell M. 
Pitzer, P Sadayappan, 
Alexander Sibiryakov

University of Waterloo
Marcel Nooijen, Alexander 
Auer

Research at ORNL supported by the Laboratory Directed Research and Development Program
Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the US Dept. of Energy under contract DE-AC-05-00OR22725.

Research at PNNL supported by the Office of Basic Energy Sciences, U. S. Dept. of Energy
Research at OSU, Waterloo, and LSU supported by the National Science Foundation Information Technology Research Program
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Problem Domain: High-Accuracy 
Quantum Chemical Methods

• Coupled cluster methods are widely used for very 
high quality electronic structure calcs.

• Typical Laplace factorized CCSD(T) term:

• Indices i, j, k O(O=100) values, a, b, c, e, f O(V=3000)
• Term costs O(OV5) ≈ 1019 FLOPs; Integrals ~ 1000 FLOPs each
• O(V4) terms ~ 500 TB memory each
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CCSD Doubles Equation
hbar[a,b,i,j] == sum[f[b,c]*t[i,j,a,c],{c}] -sum[f[k,c]*t[k,b]*t[i,j,a,c],{k,c}] +sum[f[a,c]*t[i,j,c,b],{c}] -sum[f[k,c]*t[k,a]*t[i,j,c,b],{k,c}] -

sum[f[k,j]*t[i,k,a,b],{k}] -sum[f[k,c]*t[j,c]*t[i,k,a,b],{k,c}] -sum[f[k,i]*t[j,k,b,a],{k}] -sum[f[k,c]*t[i,c]*t[j,k,b,a],{k,c}] 
+sum[t[i,c]*t[j,d]*v[a,b,c,d],{c,d}] +sum[t[i,j,c,d]*v[a,b,c,d],{c,d}] +sum[t[j,c]*v[a,b,i,c],{c}] -sum[t[k,b]*v[a,k,i,j],{k}] 
+sum[t[i,c]*v[b,a,j,c],{c}] -sum[t[k,a]*v[b,k,j,i],{k}] -sum[t[k,d]*t[i,j,c,b]*v[k,a,c,d],{k,c,d}] -sum[t[i,c]*t[j,k,b,d]*v[k,a,c,d],{k,c,d}] -
sum[t[j,c]*t[k,b]*v[k,a,c,i],{k,c}] +2*sum[t[j,k,b,c]*v[k,a,c,i],{k,c}] -sum[t[j,k,c,b]*v[k,a,c,i],{k,c}] -sum[t[i,c]*t[j,d]*t[k,b]*v[k,a,d,c],{k,c,d}] 
+2*sum[t[k,d]*t[i,j,c,b]*v[k,a,d,c],{k,c,d}] -sum[t[k,b]*t[i,j,c,d]*v[k,a,d,c],{k,c,d}] -sum[t[j,d]*t[i,k,c,b]*v[k,a,d,c],{k,c,d}] 
+2*sum[t[i,c]*t[j,k,b,d]*v[k,a,d,c],{k,c,d}] -sum[t[i,c]*t[j,k,d,b]*v[k,a,d,c],{k,c,d}] -sum[t[j,k,b,c]*v[k,a,i,c],{k,c}] -
sum[t[i,c]*t[k,b]*v[k,a,j,c],{k,c}] -sum[t[i,k,c,b]*v[k,a,j,c],{k,c}] -sum[t[i,c]*t[j,d]*t[k,a]*v[k,b,c,d],{k,c,d}] -
sum[t[k,d]*t[i,j,a,c]*v[k,b,c,d],{k,c,d}] -sum[t[k,a]*t[i,j,c,d]*v[k,b,c,d],{k,c,d}] +2*sum[t[j,d]*t[i,k,a,c]*v[k,b,c,d],{k,c,d}] -
sum[t[j,d]*t[i,k,c,a]*v[k,b,c,d],{k,c,d}] -sum[t[i,c]*t[j,k,d,a]*v[k,b,c,d],{k,c,d}] -sum[t[i,c]*t[k,a]*v[k,b,c,j],{k,c}] 
+2*sum[t[i,k,a,c]*v[k,b,c,j],{k,c}] -sum[t[i,k,c,a]*v[k,b,c,j],{k,c}] +2*sum[t[k,d]*t[i,j,a,c]*v[k,b,d,c],{k,c,d}] -
sum[t[j,d]*t[i,k,a,c]*v[k,b,d,c],{k,c,d}] -sum[t[j,c]*t[k,a]*v[k,b,i,c],{k,c}] -sum[t[j,k,c,a]*v[k,b,i,c],{k,c}] -sum[t[i,k,a,c]*v[k,b,j,c],{k,c}] 
+sum[t[i,c]*t[j,d]*t[k,a]*t[l,b]*v[k,l,c,d],{k,l,c,d}] -2*sum[t[k,b]*t[l,d]*t[i,j,a,c]*v[k,l,c,d],{k,l,c,d}] -
2*sum[t[k,a]*t[l,d]*t[i,j,c,b]*v[k,l,c,d],{k,l,c,d}] +sum[t[k,a]*t[l,b]*t[i,j,c,d]*v[k,l,c,d],{k,l,c,d}] -
2*sum[t[j,c]*t[l,d]*t[i,k,a,b]*v[k,l,c,d],{k,l,c,d}] -2*sum[t[j,d]*t[l,b]*t[i,k,a,c]*v[k,l,c,d],{k,l,c,d}] 
+sum[t[j,d]*t[l,b]*t[i,k,c,a]*v[k,l,c,d],{k,l,c,d}] -2*sum[t[i,c]*t[l,d]*t[j,k,b,a]*v[k,l,c,d],{k,l,c,d}] +sum[t[i,c]*t[l,a]*t[j,k,b,d]*v[k,l,c,d],{k,l,c,d}] 
+sum[t[i,c]*t[l,b]*t[j,k,d,a]*v[k,l,c,d],{k,l,c,d}] +sum[t[i,k,c,d]*t[j,l,b,a]*v[k,l,c,d],{k,l,c,d}] +4*sum[t[i,k,a,c]*t[j,l,b,d]*v[k,l,c,d],{k,l,c,d}] -
2*sum[t[i,k,c,a]*t[j,l,b,d]*v[k,l,c,d],{k,l,c,d}] -2*sum[t[i,k,a,b]*t[j,l,c,d]*v[k,l,c,d],{k,l,c,d}] -2*sum[t[i,k,a,c]*t[j,l,d,b]*v[k,l,c,d],{k,l,c,d}] 
+sum[t[i,k,c,a]*t[j,l,d,b]*v[k,l,c,d],{k,l,c,d}] +sum[t[i,c]*t[j,d]*t[k,l,a,b]*v[k,l,c,d],{k,l,c,d}] +sum[t[i,j,c,d]*t[k,l,a,b]*v[k,l,c,d],{k,l,c,d}] -
2*sum[t[i,j,c,b]*t[k,l,a,d]*v[k,l,c,d],{k,l,c,d}] -2*sum[t[i,j,a,c]*t[k,l,b,d]*v[k,l,c,d],{k,l,c,d}] +sum[t[j,c]*t[k,b]*t[l,a]*v[k,l,c,i],{k,l,c}] 
+sum[t[l,c]*t[j,k,b,a]*v[k,l,c,i],{k,l,c}] -2*sum[t[l,a]*t[j,k,b,c]*v[k,l,c,i],{k,l,c}] +sum[t[l,a]*t[j,k,c,b]*v[k,l,c,i],{k,l,c}] -
2*sum[t[k,c]*t[j,l,b,a]*v[k,l,c,i],{k,l,c}] +sum[t[k,a]*t[j,l,b,c]*v[k,l,c,i],{k,l,c}] +sum[t[k,b]*t[j,l,c,a]*v[k,l,c,i],{k,l,c}] 
+sum[t[j,c]*t[l,k,a,b]*v[k,l,c,i],{k,l,c}] +sum[t[i,c]*t[k,a]*t[l,b]*v[k,l,c,j],{k,l,c}] +sum[t[l,c]*t[i,k,a,b]*v[k,l,c,j],{k,l,c}] -
2*sum[t[l,b]*t[i,k,a,c]*v[k,l,c,j],{k,l,c}] +sum[t[l,b]*t[i,k,c,a]*v[k,l,c,j],{k,l,c}] +sum[t[i,c]*t[k,l,a,b]*v[k,l,c,j],{k,l,c}] 
+sum[t[j,c]*t[l,d]*t[i,k,a,b]*v[k,l,d,c],{k,l,c,d}] +sum[t[j,d]*t[l,b]*t[i,k,a,c]*v[k,l,d,c],{k,l,c,d}] +sum[t[j,d]*t[l,a]*t[i,k,c,b]*v[k,l,d,c],{k,l,c,d}] -
2*sum[t[i,k,c,d]*t[j,l,b,a]*v[k,l,d,c],{k,l,c,d}] -2*sum[t[i,k,a,c]*t[j,l,b,d]*v[k,l,d,c],{k,l,c,d}] +sum[t[i,k,c,a]*t[j,l,b,d]*v[k,l,d,c],{k,l,c,d}] 
+sum[t[i,k,a,b]*t[j,l,c,d]*v[k,l,d,c],{k,l,c,d}] +sum[t[i,k,c,b]*t[j,l,d,a]*v[k,l,d,c],{k,l,c,d}] +sum[t[i,k,a,c]*t[j,l,d,b]*v[k,l,d,c],{k,l,c,d}] 
+sum[t[k,a]*t[l,b]*v[k,l,i,j],{k,l}] +sum[t[k,l,a,b]*v[k,l,i,j],{k,l}] +sum[t[k,b]*t[l,d]*t[i,j,a,c]*v[l,k,c,d],{k,l,c,d}] 
+sum[t[k,a]*t[l,d]*t[i,j,c,b]*v[l,k,c,d],{k,l,c,d}] +sum[t[i,c]*t[l,d]*t[j,k,b,a]*v[l,k,c,d],{k,l,c,d}] -2*sum[t[i,c]*t[l,a]*t[j,k,b,d]*v[l,k,c,d],{k,l,c,d}] 
+sum[t[i,c]*t[l,a]*t[j,k,d,b]*v[l,k,c,d],{k,l,c,d}] +sum[t[i,j,c,b]*t[k,l,a,d]*v[l,k,c,d],{k,l,c,d}] +sum[t[i,j,a,c]*t[k,l,b,d]*v[l,k,c,d],{k,l,c,d}] -
2*sum[t[l,c]*t[i,k,a,b]*v[l,k,c,j],{k,l,c}] +sum[t[l,b]*t[i,k,a,c]*v[l,k,c,j],{k,l,c}] +sum[t[l,a]*t[i,k,c,b]*v[l,k,c,j],{k,l,c}] +v[a,b,i,j]

In the coupled cluster method with single and double excitations (CCSD) the 
“singles” and “doubles” equations are iterated until convergence and that solution 

is used to evaluate the molecular energy
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The “Tensor Contraction Engine” 
Addresses Programming 

Challenges
• User describes computational 

problem (tensor contractions, 
a la many-body methods) in a 
simple, high-level language
– Similar to what might be 

written in papers

• Compiler-like tools translate 
high-level language into 
traditional Fortran (or C, or…) 
code

• Generated code is compiled 
and linked to libraries 
providing computational 
infrastructure

• Productivity
– User writes simple, high-level 

code
– Code generation tools do the 

tedious work
• Complexity

– Significantly reduces complexity 
visible to programmer

• Performance
– Perform optimizations prior to 

code generation
– Automate many decisions 

humans make empirically
– Tailor generated code to target 

computer 
– Tailor generated code to 

specific problem



Emory University 3010 February 2004

So What’s New About This Project?
• The creation of “little languages” and code generation tools has

a long history in chemistry and other domains

• Usually viewed only as productivity tools
– Imitate what researcher would do – but quicker

• We treat it as a computer science problem
– Similar to (not identical to) an optimizing compiler
– Algorithmic choices are explored and evaluated rigorously and (in 

most cases) exhaustively
– Make use of machine architecture & performance models to 

specialize generated code to target system

• Target applications
– Rapid experimentation with new many-body methods
– Implementation of high-complexity methods
– Improving computational efficiency on parallel machines
– Also for nuclear physics…
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A High-Level Language for Tensor 
Contraction Expressions

range V = 3000;
range O = 100;

index a,b,c,d,e,f : V;
index i,j,k : O;

mlimit = 1000000000000;

function F1(V,V,V,O);
function F2(V,V,V,O);

procedure P(in T1[O,O,V,V], in T2[O,O,V,V], out X)=

begin
X == sum[ sum[F1(a,b,f,k) * F2(c,e,b,k), {b,k}]

* sum[T1[i,j,a,e] * T2[i,j,c,f], {i,j}],
{a,e,c,f}];

end
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Tensor Expressions

Algebraic 
Transformations

Memory 
Minimization

Performance 
Model

System 
Memory 

Specification

Software 
Developer

Data Distribution 
and Partitioning

TCE Components
Sequence of Matrix Products

Element-wise Matrix Operations
Element-wise Function Eval.

Space-Time 
Trade-Offs

Storage and Data 
Locality Management

No sol’n fits disk Sol’n fits disk, not mem. Sol’n fits mem.

• Algebraic Transformations
– Minimize operation count

• Memory Minimization
– Reduce intermediate storage

• Space-Time Transformation
– Trade-offs btw storage and 

recomputation

• Storage Management and 
Data Locality Optimization
– Optimize use of storage 

hierarchy

• Data Distribution and 
Partitioning
– Optimize parallel layout

Sol’n fits mem.

No sol’n fits disk

Parallel Code
Fortran/C/…

OpenMP/MPI/Global Arrays
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a .. f:  range V = 1000 .. 3000
i  .. k: range O =     30 ..   100
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Operation-Minimal and 
Memory-Minimal Forms

array      space        time
X V4→1 V4O2

T1 V3O → VO Cf1V3O
T2 V3O Cf2V3O
Y V4→ 1 V5O
E 1 V4

for a, e, c, f
for i, j

Xaecf += Tijae Tijcf

for c, e, b, k
T1cebk = f1(c, e, b, k)

for a, f, b, k
T2afbk = f2(a, f, b, k)

for c, e, a, f
for b, k

Yceaf += T1cebk T2afbk

for c, e, a, f
E += Xaecf Yceaf

for a, f, b, k
T2afbk = f2(a, f, b, k)

for c, e
for b, k

T1bk = f1(c, e, b, k)
for a, f

for i, j
X += Tijae Tijcf

for b, k
Y += T1bk T2afbk

E += X Y
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Tiling to Reduce Recomputation
for at, et, ct, ft

for a, e, c, f
for i, j

Xaecf += Tijae Tijcf

for b, k
for c, e

T1ce = f1(c, e, b, k)
for a, f

T2af = f2(a, f, b, k)
for c, e, a, f

Yceaf += T1ce T2af

for c, e, a, f
E += Xaecf Yceaf

array      space             time
X B4 V4O2

T1 B2 Cf1(V/B)2V3O
T2 B2 Cf2(V/B)2V3O
Y B4 V5O
E 1 V4

Tiling provides a controlled
compromise between 
minimal operations and 
minimal memory (full fusion)
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Current TCE Capabilities
Capability Prototype TCE Optimizing TCE
Basic sequential code generation 
for CC-based methods Yes Yes

QC Packages Interfaced:
• File based
• General (file, memory, direct)

NWChem, UTChem NWChem
Under development

Symmetry Support:
• Spin
• Spatial 
• Permutational

Spin orbitals
Abelian
Fermions

General, in progress
Abelian, in progress
General, in progress

Optimizations:
• Operation Minimization
• Memory Minimization
• Space-Time Transformation
• Data Locality

Partial
Partial
No
Partial

Yes
Yes
Yes
Yes

Parallel code generation Limited general General, in progress
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Methods Implemented to Date 
using TCE

Prototype TCE
• Parallel 

– MBPT(2), MBPT(3), 
MBPT(4)

– CCD, CCSD, CCSD(T), 
QCISD, CCSDT, CCSDTQ

– CISD, CISDT, CISDTQ
– CCSD, CCSDT, CCSDTQ 

lambda equations
– CCSD, CCSDT, CCSDTQ 

dipole moments
– Parallel EOM-CCSD
– Local/AO-based CCSD

• Sequential
– Relativistic 2/4-component 

CI, CC, & MBPT

Optimizing TCE
• Parallel (limited)

– CCD, CCSD

• Code availability
– Prototype TCE to be 

released with NWChem 4.5
– Optimizing TCE still under 

intense development
– Some prototype-generated 

implementations to appear 
in …

• NWChem 4.5
• UTChem 2003
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Parallel Scalability of Prototype 
TCE-Generated Code

OH radical CCSDT/aug-cc-pVQZ

16 42
74

128

256

0

1

2

3

4

5

6

7

8

9

0 50 100 150 200 250 300
Number of Processors

R
el

at
iv

e 
sp

ee
d

Courtesy of So Hirata, 
PNNL.  Obtained on 
the HP Supercluster 
at PNNL’s Molecular 
Science Computing 
Facility

Ideal Linear Speedup
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range V = 3000;
range O = 100;

index a,b,c,d,e,f : V;
index i,j,k : O;

mlimit = 1000000000000;

function F1(V,V,V,O);
function F2(V,V,V,O);

procedure P(in T1[O,O,V,V], in T2[O,O,V,V], out X)=

begin
X == sum[ sum[F1(a,b,f,k) * F2(c,e,b,k), {b,k}]

* sum[T1[i,j,a,e] * T2[i,j,c,f], {i,j}],
{a,e,c,f}];

end
fkcbekabYttX

YXYXYX

YXYXYXAA

cfae
af
ij

ce
ijafce

fceafaecfceafaecfcaefaec

cfeafaecfceafaeccfaeafce

==

+++

++=

,,

,,,,,,

,,,,,,2
1

)

(3

Hand-coded solution 
(single algorithm)

TCE explores many 
algorithms, selects best 
for each memory size

The Value of 
Optimization (Space-

Time Trade-Offs)
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On the Drawing Board…
• More flexibility in sequencing and controlling 

optimizations
• Common sub-expression elimination
• Global factorization (across equations)

– Complex problem
• Improving parallel code generation

– Multi-level parallelism
• Threads
• Multiple loosely coupled tasks

• More sophisticated performance models
• Develop approximate algorithms for opt.

– Address situations where exhaustive search too expensive
• i.e. Deliver best result spending at most 3 min on code gen.
• … or 60 min … or 3 days …

• Generalizations beyond electronic structure
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Ways to Use the TCE

Mode Prototype TCE Optimizing TCE

Explore/develop new 
methods rapidly Now Soon

Develop parallel 
implementations Now Soon

Develop large-scale high-
performance parallel 
implementations

Under 
consideration

Under 
development
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TCE Summary
• Automatic generation of code from high-level 

algebraic expressions
– Approach problem like a compiler
– Use of “high-level language” allows automation of design 

decisions usually made by human software developer
– Produce robust, reliable code

• Addresses productivity, complexity, and performance
– Compiler-like optimizations key to full utility of code 

generation approaches

• Strong interdisciplinary collaboration between 
chemists and computer scientists
– Problem from chemists, solutions from computer scientists 

(w/ significant help from chemists) 
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The Earth System Grid:
Turning Climate Simulation Data 

into Community Resources

Argonne, Lawrence Berkley, Lawrence 
Livermore, and Oak Ridge National 

Laboratories,
National Center for Atmospheric Research, 

and
Information Sciences Institute
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The Earth System Grid
• A “data grid” project to 

facilitate widespread 
access to climate 
(simulation) data

• A few sites in the US 
generate climate data

• Dozens to hundreds 
use it at various levels

• Datasets are TB-scale, 
in 10,000+ individual 
files

• Users typically need 
only a fraction of the 
data

• Current process very 
human-intensive

www.earthsystemgrid.org
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ESG Strategies and Focus Areas

• Move data a minimal 
amount, keep it close to 
computational point of origin 
when possible
– Data access protocols, 

distributed analysis
• When we must move data, 

do it fast and with a 
minimum amount of human 
intervention
– Storage Resource 

Management, fast networks

• Keep track of what we 
have, particularly what’s 
on deep storage
– Metadata and Replica 

Catalogs 

• Harness a federation of 
sites
– Globus Toolkit -> The 

Earth System Grid -> The 
UltraDataGrid
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ESG Architecture

• Web portal at NCAR
• Analysis clients at 

NCAR, LLNL, ORNL
• ESG-specific services 

at all sites
• Globus/Grid 

infrastructure at all sites
• Mass storage systems 

at LBNL, NCAR, ORNL
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ESG Web Portal
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ESG Web Portal

Data Discovery 
and Movement
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ESG Web Portal

Visualization
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ESG Conclusions

• Already > 100 TB data cataloged in ESG
• Preparing to support US runs for 

Intergovernmental Panel on Climate Change
– 100 TB new data by mid-August (119,200 node-

hours)
• Many TB previously generated data to be 

cataloged
• Future: federation with other climate data grid 

efforts
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Summary

• The Common Component Architecture (CCA)
– Improving the scientific software development process 

through the use of component-based software engineering

• The Tensor Contraction Engine (TCE)
– A high-level language and optimizing compiler specialized to 

the needs of a class of applications in quantum chemistry 
and physics

• The Earth System Grid (ESG)
– Providing efficient management and community access to 

terabyte-scale climate simulation data

• Collaborations between domain experts and 
computer scientists
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