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TSF

Interface for representation-independent solvers
* Abstract interfaces for vectors and operators
- Composable operators
- Block operators
- Design goal
- Matlab-like simplicity, running on a supercomputer
- High-level conveniences
- Minimal-overhead operator overloading
- Transparent memory management

+ Many design ideas derived from Gockenbach and Symes’ Hilbert
Class Library
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Simple example: a representation-
independent conjugate gradients solver

File Edit View Cmds Tools Options Buffers Ces Help

Ennl CESolwverttzolveliconst TSFLinearOperatord A,
const TSFvWectord b,
TSFvectord =oln? const

i
TEFRe=al normlfE = sqgridb,dotbdkii:

2 checl: For trivial case of Zern ths &7
if trnormOFE < tol_ 3
i

soln = b.spacel) createdember( s
solh,zeroll:
return true:

3

S cheok Fors ipnitial zero residyal =2
TSFvector =0 = b,space] ), cresteMemnber-(2:
TSFVYector r b, copy 23

TEFYector p ooyl 2 3

for Cint k=1t kd=maxlters_: kt+2

TSFVWector Ap = A#p:
TSFReal rZo rHEE
TSFReal php = pxap:

TSFEeal alpha = w20/ pApd
== =0 4+ alphakpd
r = — alpha*®Ap:
TS5FREeal r2l = r#ed

if Csgetirzal) < tol_#hormdfFE2
£
soln = w0, copyil:
return trued

TS5FReal kheta = r21 020
B = + bebasps

return false: =

i
F-=—-MEmacs: tmp.opp  (C+t Font Abbrewi————[1-—Top=————=——==—=————m——m——————— )
Wrote Ahomeskrlongd/Projects/Trilinosdpackages/TSFsrcs/linearSolwers tmp.cpp Sandia
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written with block and composed
operators

kool SchurComplementSolver:isolweiconst TESFLinearOper-atord op,
const TESFVWectord rhs,
TSFVWectord =soln) const

i
TSFLinearOperator A = op,getBlockdd, 0o
TSFLinearOperator B = op,getBlockio, 103
TSFLinearOperator © = op,getBlockil 003
TSFLinearOperator I = op,getBElockol, 103
TSFWector a = rhs,getBlockian:
TEFYector b = rhs,getBlockola

TSFLinearOperator Alnw = A,lnversetinnerSolver_
TSFvector p = b — CHAinwsa:

TEFVector 4 = (D = CHAinwxB), inversel(outerSolver_i#pi
TESFYector ® = Ainwsia — Beyai

soln = rhs,spacel),createMemberi:

solhnssetBlockid, =ii

soln,setBlocki(l, yai:
returh trust

e T e T

Wrote AhomeskrlongsProjects-/Trilinos packages/TEF/sro/LinearSalvers tmp2, cpp
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But 1s 1t fast?

The TSF approach involves considerable overhead
» Handle classes involve smart pointer dereferencing overhead
» Inheritance-based design is costlier than template-based generic
programming
» Operator overloading

b

However...
» Overhead is constant as problem size increases
» Operator overloading can be done carefully to avoid large temporaries

b
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Operator overloading can be made fast

* Qverloaded TSFVector
operations are deferred L s T

+ Alternative to expression
templates

-
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» Temporaries are I o
unavoidable with overloaded
C++ operators
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{BLAS)/M(total)

o
S
T

* Result of each binary
operation is a deferred linear
combination object
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- Carry out actual calculations g s o @
only when necessary t o
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The overhead incurred by using TSF 1s
negligible 1n a linear solve

* Figure shows low-level Epetra and BLAS times relative to total TSF solve

time.
* Poisson solved with TSF BICGSTAB and ILU(1)
 TSF and operator overloading overhead 1s < 5% for problems larger than N~1500

—level)(tot:
o

problem size
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A short TSF tutorial

» About the code

+  Creating vectors and matrices

 Filling a matrix with values

- Building complicated linear operators

* Preconditioners and Preconditioner Factories
» Linear solvers
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General code style

- TSFisin C++

. User-level objects such as TSFVector, TSFLinearSolver are
handle classes

» At the user level, vectors are created from the createMember() method
of vector space

» Create objects such as solvers from a concrete type as follows:
] TSFLinearSolver solver = new BICGSTABSolver(...):

. Concrete implementations, e.g, PetraVector, derived from
extensible base classes
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Core 1nterface components

. Vectors
» TSFVectorTypeBase

» TSFVectorSpaceBase
» TSFVectorBase

- Operators
» TSFLinearOperatorBase
»  TSFMatrixOperator
» TSFNonlinearOperatorBase

. Preconditioners
» TSFPreconditionerFactoryBase

Computational Science and Mathematics Research Department

. Solvers
TSFLinearSolverBase
. TSFNonlinearSolverBase
. /O
» TSFMatrixReaderBase
»  TSFMatrixWriterBase
» Utilities

» TSFErrorHandlerBase
»  TSFWriterBase
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objects to create vectors and matrices of a
specified type

E=1jES

wold sampleProblemCreatoriconst TSFVWectorTyped wectorType
TSFYectord kb,
TSFLinearOperators: A2

Fu The application is respoRsibBle for working oot the lists of

# update and ghost rows For this processor #

int#® wpdates = MyApplicationiigetUpdatesdi: Y come non-T5F mathod
int#= ghost MyhpplicationtigetGhost=Ci: Ad =zame non=TSF method

int nLocal
int nGhost

MyhApplicationiigetHLocal Ci de Eome hon—TS5F mathiod
MyhApplicationiigetHGhost o A 2ome non—T5F method

F# o opeate 3 vwector spaceof the bype specified 1n the argument list =
TSFVWectorSpace space = wectorType,createSpaceinGlobal , nlocal . updates,
nGhost, ghostsa:

A¥ - opeate g Yeotort, Initiglized to zepo
TEFVWector b = space,createMemberCa:

J¥ cregbte anempty matbix compatible with the wvector: Type w7
TEFLinearOperator A = wvectorType,createdatrixizpace, spacel:f

2
%————HEhaDE: tmp3, cpp (C++ Fonk ﬁEEPeuh————LEi——Tnp—— = £
tHo changes need to be sawved?
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TSF provides an interface for
configuring and loading a matrix

First build the matrix as shown previously

Next, configure the matrix
» setColumnSize()
» freezeStructure()

Load the values
» setRowStructure() and addToRow() for each row

Finalize the matrix, distributing ghost rows
» freezeValues()
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Adjoint, inverse, and adjoint-inverse
operators can be created at a high level

*TSFAdjointOperator applies the adjoint of another operator

TSFLinearOperator adj = new TSFAdjointOperator(A);
or more simply,
TSFLinearOperator Aadj = A.adjoint();

*TSFInverseOperator applies the inverse of another operator
using a specified solver. The inverse is never formed.

TSFLinearSolver solver = new BICGSTABSolver(...);
TSFLinearOperator Ainv = A.inverse(solver);

*TSFInverseAdjointOperator applies the inverse adjoint

TSFLinearSolver solver = new BICGSTABSolver(...);
TSFLinearOperator AinvAdj = A.inverseAdjoint(solver);
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Overloaded operators are used to form
efficient compound operators

Operator composition with overloaded *, e.g. A*B*C
Operator addition with overloaded + and -, e.g. A-B
Scalar multiplication with overloaded *, e.g, a*A

All of these are implemented without forming the explicit
matrix product or sum

National

Sandia
Computational Science and Mathematics Research Department

Laboratories



LLinear solvers in TSF

» class TSFLinearSolver » Direct solvers can be
» [terative solvers are simple to implemented for matrix operators
code in TSF using overloaded only

vector and matrix operations.

— Currently, we have implemented
BICGSTAB, CG, GMRES, and
an interface to AztecOO

— Flexible Krylov methods (FCG,
FGMRES) implemented by V.
Howle, used for fault-tolerant
linear algebra

— Block Krylov methods being
implemented by M. Heroux and
T. Barth

* Block solvers, e.g. Schur
complement, block backsolve can
be implemented matrix-free
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Preconditioning

e TSFPreconditionerFactory builds a TSFPreconditioner for a
given operator

« TSFPreconditioner has left() and right() methods to access
operators.
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Preconditioning
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Example: creating a Kay-Loghin

preconditioner

I_-'lle Edit View Cmds Tools Options Buffers Ces

Help

TEFFreconditioner KayloghinFreconditionerFactory
ticreatePreconditioner{const TESFLinearlpetratord A2 const
i

TSFLinearOperator F = A,qetBlockot, 021

TSFLinearOperator Mp = mpProk_,getlperatoroa
TSFLinearOperator Ap = apProb_,qetlperatoroad
TSFLinearOperator Fp = fpProb_,getlperatoroa

S osolve the F o block and the auxiliary systen. Ap approximately s
TSFLinearOperator Finw = F,inverseifSolver_2%
TSFLinearOperator Aplny = Ap,inversedapSolver_i:

TSFLinearOperator Hinw = MplnuwsFp#ApIne:

TSFLinearOperator Bt = A,getBlockid, 12
B TSFLinearOperator C = A,getBlocked oo

TSFLinearOperator 00 = new TSFldentitylperatorOF,domaindsa:
TSFLinearOperator [11= new TSFIdentityOperatorcBt, domaindii:
TSFLinearOperator F1
TSFLinearOperator P2
TSFLinearOperator P3

rnew TSFElockLinearOperator A, domaintl . A,ranget)
rew TSFElockLinearOperatortA.domaint? . A.ranged)
riew TSFElockLinearOperatorCA, domaint? o A.rangedl

Fl.,setBlock({d, O, Finwi:
Pl,setBlockil, 1, I1i>:

Fz2,setBlockid, O, TO00):
P2.setBlock(d, 1, Bti:
Fz.setBlockdl, 1, -Ididh:

F3.setBlock(d, G, I00h:
FP3,setElockil, 1, Hinwd:

return new GenericRightPreconditioner (PixFZ=F30 2

¥

a3
a3
k-

F——REnscs: Empd.opp  (Gor Fonk Abbrewi———Li5——All-——————"

=== ..n@
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Current status

Concrete types

» Epetra and LAPACK vectors and
matrices

Matrix-free types

» block, sum, product, diagonal,
zero, and identity operators

Preconditioners
» |IFPack

» User-defined block
preconditioners
Linear solvers

» BICGSTAB, GMRES, CG, FCG,
FGMRES

»  AztecOO
» LAPACK direct
» Schur complement, block triangular

Computational Science and Mathematics Research Department
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Nonlinear operators

» general nonlinear operator
interface

» Composed operators

Nonlinear solvers
» Newton with line search
» Picard
Utilities
» Controllable error handling and
diagnostic reporting
» reader/writer interfaces

» Matlab and Matrix Market
readers and writers

Sandia
National
Laboratories



Where 1s TSF being used?

. Sundance
» a high-level PDE simulation and optimization package (KL)

. Split/O3D
» a SQP optimization code (Paul Boggs)
. rSQP++

» a rSQP optimization code (Ross Bartlett)
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Plans

. Development

» Broader selection of components
1 AMG preconditioning
] More solvers

» Documentation

. Research
» Block Krylov methods (Heroux & Barth)
» Physics-based preconditioners (Howle, Heroux, KL, Tuminaro)
» Fault tolerance (Howle, Hough)

» PDE-constrained optimization (KL, Boggs, van Bloemen Waanders,
Bartlett)

» Preconditioners for inequality constraints (Boggs, Howle, Tuminaro)
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Some pretty pictures from

Sundance/TSF

Temperature and sensitivity to

Peclet number computed with a
convection-diffusion model on
the Sandia Thunderbird

Contours of vorticity in a lid-driven

the Kay-Loghin

ing

ty, computed us
block preconditioner on a Taylor-Hood

discretization o

cavl

f Navier-Stokes
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Formulation and solution of a source

inversion problem

*Simulation written by Omar Ghattas — 120 lines of Sundance code
*Advection-diffusion of a contaminant released from a Gaussian source
*Concentration 1s measured at 16 discrete sensor locations

*Adjoint formulation of inversion problem for distributed source field
*[1l-posed — smoothed with Tikhonov regularization

*Non-symmetric block reordering of adioint and state variables
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