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[7] M. Arioli, V. Pták, and Z. Strakoš. Krylov sequences of maximal length and
convergence of GMRES. BIT, 38(4):636–643, 1998.

[8] S. F. Ashby, T. A. Manteuffel, and P. E. Saylor. Adaptive polynomial
preconditioning for Hermitian indefinite linear systems. BIT, 29(4):583–609,
1989.

[9] C. Ashcraft. Compressed graphs and the minimum degree algorithm. SIAM
J. Sci. Comput., 16(6):1404–1411, 1995.

[10] O. Axelsson. A generalized SSOR method. BIT, 12(4):443–467, 1972.

[11] O. Axelsson. Preconditioning of indefinite problems by regularization. SIAM
J. Numer. Anal., 16(1):58–69, 1979.

[12] O. Axelsson. A survey of preconditioned iterative methods for linear systems
of algebraic equations. BIT, 25(1):165–187, 1985.

[13] O. Axelsson. A general incomplete block-matrix factorization method. Linear
Algebra Appl., 74(C):179–190, 1986.

[14] O. Axelsson. Iterative solution methods. Cambridge university press, 1996.

[15] O. Axelsson, S. Brinkkemper, and V. P. Il’in. On some versions of incomplete
block-matrix factorization iterative methods. Linear Algebra Appl., 58(C):3–
15, 1984.

253



254 REFERENCES

[16] O. Axelsson and L. Kolotilina. Diagonally compensated reduction and related
preconditioning methods. Numer. Linear Algebra. Appl., 1(2):155–177, 1994.

[17] O. Axelsson and M. Neytcheva. Preconditioning methods for linear systems
arising in constrained optimization problems. Numerical Linear Algebra with
Applications, 10(1-2):3–31.

[18] O. Axelsson and M. Neytcheva. Preconditioning methods for linear systems
arising in constrained optimization problems. Numer. Linear Algebra Appl.,
10(1-2):3–31, 2003.

[19] O. Axelsson and M. Neytcheva. Eigenvalue estimates for preconditioned
saddle point matrices. Numer. Linear Algebra Appl., 13(4):339–360, 2006.

[20] O. Axelsson and P. S. Vassilevski. Algebraic multilevel preconditioning
methods. I. Numer. Math., 56(2-3):157–177, 1989.

[21] O. Axelsson and P. S. Vassilevski. Algebraic multilevel preconditioning
methods II. SIAM J. Numer. Anal., 27(6):1569–1590, 1990.

[22] R. N. Banerjee and M. W. Benson. An approximate inverse based multigrid
approach to the biharmonic problem. Int. J. Comput. Math., 40(3-4):201–210,
1991.

[23] R. E. Bank and R. K. Smith. Incomplete factorization multigraph algorithm.
SIAM J. Sci. Comput., 20(4):1349–1364, 1999.

[24] R. E. Bank and C. Wagner. Multilevel ILU decomposition. Numer. Math.,
82(4):543–576, 1999.

[25] S. T. Barnard, L. M. Bernardo, and H. D. Simon. MPI implementation of
the SPAI preconditioner on the T3E. Int. J. High Perform. Comput. Appl.,
13(2):107–123, 1999.

[26] S. T. Barnard, R. L. Clay, and M. K. Chancellor. A portable MPI imple-
mentation of the SPAI preconditioner in ISIS++. NASA technical report,
1997.

[27] S. T. Barnard and M. J. Grote. A block version of the SPAI preconditioner.
In PPSC, 1999.

[28] R. Barrett, M. Berry, T. Chan, J. Demmel, J. Donato, J. Dongarra, V. Ei-
jkhout, R. Pozo, C. Romine, and H. van der Vorst. Templates for the
Solution of Linear Systems: Building Blocks for Iterative Methods. SIAM
publications, Philadelphia, PA, 1994.

[29] M. Bebendorf. Hierarchical matrices. Springer-Verlag, Berlin Heidelberg,
2008.



REFERENCES 255

[30] B. Beckermann, S. A. Goreinov, and E. E. Tyrtyshnikov. Some remarks on
the Elman estimate for GMRES. SIAM J. Matrix Anal. Appl., 27(3):772–778,
2005.

[31] M. Benson. Frequency domain behavior of a set of parallel multigrid smooth-
ing operators. Int. J. Comput. Math., 36(1-2):77–88, 1990.

[32] M. W. Benson. An approximate inverse based multigrid approach to thin
domain problems. Util. Math., 45:39, 1994.

[33] M. Benzi. Preconditioning techniques for large linear systems: A survey. J.
Comput. Phys., 182(2):418–477, 2002.

[34] M. Benzi, J. K. Cullum, and M. Tůma. Robust approximate inverse pre-
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[39] M. Benzi, R. Kouhia, and M. Tůma. Stabilized and block approximate inverse
preconditioners for problems in solid and structural mechanics. Comput.
Methods Appl. Mech. Eng., 190(49-50):6533–6554, 2001.
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stability of GMRES. BIT, 35(3):309–330, 1995.

[111] I. S. Duff, A. M. Erisman, C. W. Gear, and J. K. Reid. Sparsity structure
and Gaussian elimination. SIGNUM Newsletter, 23(2):2–8, 1988.

[112] I. S. Duff and J. Koster. The design and use of algorithms for permuting
large entries to the diagonal of sparse matrices. SIAM J. Matrix Anal. Appl.,
20(4):889–901, 1999.

[113] I. S. Duff and J. Koster. On algorithms for permuting large entries to the
diagonal of a sparse matrix. SIAM J. Matrix Anal. Appl., 22(4):973–996,
2001.

[114] I. S. Duff and G. A. Meurant. The effect of ordering on preconditioned
conjugate gradients. BIT, 29(4):635–657, 1989.



REFERENCES 261

[115] L. C. Dutto. The effect of ordering on preconditioned GMRES algorithm, for
solving the compressible Navier–Stokes equations. Int. J. Numer. Methods
Eng., 36(3):457–497, 1993.

[116] M. Eiermann and O. G. Ernst. Geometric aspects of the theory of Krylov
subspace methods. Acta Numer., 10:251–312, 2001.

[117] V. Eijkhout. Analysis of parallel incomplete point factorizations. Linear
Algebra Appl., 154-156(C):723–740, 1991.

[118] V. Eijkhout. Beware of unperturbed modified incomplete factorizations.
Iterative Methods in Linear Algebra, 583:583–591, 1992.

[119] S. C. Eisenstat. Efficient implementation of a class of preconditioned conju-
gate gradient methods. SIAM J. Sci. Stat. Comput., 2(1):1–4, 1981.

[120] S. C. Eisenstat, H. C. Elman, and M. H. Schultz. Variational iterative
methods for nonsymmetric systems of linear equations. SIAM J. Numer.
Anal., 20(2):345–357, 1983.

[121] H. C. Elman. A stability analysis of incomplete LU factorizations. Math.
Comput., 47(175):191–217, 1986.

[122] B. Engquist and L. Ying. Sweeping preconditioner for the Helmholtz equation:
Hierarchical matrix representation. Comm. Pure Appl. Math., 64(5):697–735,
2011.

[123] O. G. Ernst and M. J. Gander. Why it is difficult to solve Helmholtz problems
with classical iterative methods. In Numerical analysis of multiscale problems,
pages 325–363. Springer-Verlag, Berlin Heidelberg, 2012.

[124] C. Farhat, J. Mandel, and F. X. Roux. Optimal convergence properties of
the FETI domain decomposition method. Comput. Methods Appl. Mech.
Eng., 115(3-4):365–385, 1994.

[125] M. R. Field. An efficient parallel preconditioner for the conjugate gradient
algorithm. Hitachi Dublin Laboratory Technical Report HDL-TR-97-175,
Dublin, Ireland, 1997.

[126] M. R. Field. Improving the performance of factorised sparse approximate
inverse preconditioner. Technical Report HDL-TR-98-199, 1998.

[127] B. Fischer. Polynomial based iteration methods for symmetric linear systems.
Springer, 1996.

[128] R. Fletcher. Conjugate gradient methods for indefinite systems. Lecture
Notes in Math., 506:73–89, 1976.



262 REFERENCES

[129] A. Forsgren, P. E. Gill, and J. D. Griffin. Iterative solution of augmented
systems arising in interior methods. SIAM J. Optim., 18(2):666–690, 2007.

[130] A. Forsgren, P. E. Gill, and M. H. Wright. Interior methods for nonlinear
optimization. SIAM Rev., 44(4):525–597 (2003), 2002.

[131] R. W. Freund. A transpose-free quasi-minimal residual algorithm for non-
hermitian linear systems. SIAM J. Sci. Comput., 14(2):470–482, 1993.

[132] R. W. Freund and N. M. Nachtigal. QMR: a quasi-minimal residual method
for non-Hermitian linear systems. Numer. Math., 60(1):315–339, 1991.

[133] R. W. Freund, N. M. Nachtigal, and G. H. Golub. Iterative solution of linear
systems. Acta Numer., 1:57–100, 1992.

[134] M. J. Gander, I. G. Graham, and E. A. Spence. Applying GMRES to the
Helmholtz equation with shifted Laplacian preconditioning: What is the
largest shift for which wavenumber-independent convergence is guaranteed?
Numer. Math., 131(3):567–614, 2015.

[135] A. George and J. W. Liu. Computer solution of large sparse positive definite.
Prentice Hall Professional Technical Reference, 1981.

[136] A. George and J. W. H. Liu. An implementation of a pseudoperipheral node
finder. ACM Trans. Math. Softw., 5(3):284–295, 1979.

[137] A. George and J. W. H. Liu. Evolution of the minimum degree ordering
algorithm. SIAM Rev., 31(1):1–19, 1989.

[138] J. R. Gilbert. Predicting structure in sparse matrix computations. SIAM J.
Matrix Anal. Appl., 15(1):62–79, 1994.

[139] G. H. Golub and D. P. O’Leary. Some history of the conjugate gradient and
Lanczos algorithms: 1948-1976. SIAM Rev., 31(1):50–102, 1989.

[140] G. H. Golub and C. F. Van Loan. Matrix Computations. Johns Hopkins
University Press, Baltimore, MD, fourth edition, 2013.

[141] G. H. Golub and Q. Ye. Inexact preconditioned conjugate gradient method
with inner-outer iteration. SIAM J. Sci. Comput., 21(4):1305–1320, 1999.

[142] N. Gould, D. Orban, and T. Rees. Projected Krylov methods for saddle-point
systems. SIAM J. Matrix Anal. Appl., 35(4):1329–1343, 2014.

[143] N. I. M. Gould and J. A. Scott. Sparse approximate-inverse preconditioners
using norm-minimization techniques. SIAM J. Sci. Comput., 19(2):605–625,
1998.



REFERENCES 263
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additive Schwarz preconditioner, 73,
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algebraic multigrid, 95

coarse and fine grid, 101
AMG, see algebraic multigrid
Arnoldi factorization, 150
Arrow–Hurwicz, 120, 131, 241

Block Gaussian elimination, 66
block preconditioner, 249
Block preconditioners, 121
boundary elemenent method, vi

CG, see conjugate gradients
conjugate gradients, 3

minimization viewpoint, 3
preconditioned, 5, 14

Cuthill–McKee, 28, 37, 38

damping, 42
decay

off-diagonal blocks, 51
Singular values, 51

degree, 27
diagonal preconditioner, 121, 130
diagonally dominant, 32
Dirichlet–Neumann method, 68, 81,

191
Domain decomposition, 63

non-overlapping domains, 64
uniform discretization, 64

edge, 24
incoming, 24
outgoing, 24
weight, 99

field of values, 16

fill-in, 23
finite difference, 44
first-order necessary optimality

conditions, 116
Fourier modes, 88–90, 106
full multigrid V-cycle, 95, 106

Gauss–Seidel, 19, 33, 154
convergence, 21
fixed-point, 20, 31

Gaussian elimination, 18
Generalized saddle point system, 116
Gershgorin theory, 153, 239
GMRES, 2, 3, 126, 133

convergence, 6, 15
flexible variant, 6, 7, 229, 242
min-max bound, 6, 151
minimization viewpoint, 2
transient phase, 9

graph, 24
adjacency matrix, 24
connected, 26
directed, 24
disconnected, 26
distance, 26
of a matrix, 25, 97
path, 25
separator, 37
undirected, 24

H-matrices, see hierarchical
matrices

Helmholtz equation, 42
damping, 42
eigenvalues, 46
oscillations, 42, 55
Sommerfeld condition, 46
weak formulation, 58

hierarchical matrices, 52

ILU, 29
modified, 39

ILU(p), 30, 31
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ILU(0), 29
incomplete LU, see ILU
interpolation, 94, see also

prolongation
iterative methods, 2

preconditioned, 4

Jacobi, 19
convergence, 21
fixed-point, 20, 31

Jacobi iteration, 32, 33, 154, 155
block, 70
damped, 88, 96, 106, 235

Jordan block, 139

KKT conditions, see first-order
necessary optimality
conditions

KKT-matrix, 123
Krylov subspace, 2, 115

Lagrangian, 116
Laplacian

graph, 80
left preconditioning, 4
LU factorization, 22

existence, 23
Fill–path, 31
fill-in, 23
interpretation, 23
level of fill, 30
reordering, 27

M-matrix, 17, 22, 30, 32, 95
min-max bound, 6
minimum degree ordering, 27
mixed preconditioning, 4
multigrid methods, 92
multiplicative Schwarz method, 71,

109
multiplicative Schwarz

preconditioner, 74

Nested iteration, 93

node, 24
normal matrix, 139
nullspace method, 115

PCG, see conjugate gradients
perfectly matched layers, 46
PML, see perfectly matched layers
Poisson equation, 75, 81
profile, 28
projection, 94, see also restriction
prolongation, 103, see also

interpolation
direct, 104
Ruge–Stüben, 105
weights, 104

pscont, 11, 141
pseudospectra, 10, 16

bound, 9, 15
definition, 9, 150
equivalent definitions, 10
properties, 10

QMR, 2
quadprog, 124–126, 228, 229
quadratic programming, 115, 124,

128, 231

reduced Hessian method, 115
regular splitting, 22, 30, 32, 96
residual equation, 93, 97
restarting, 3
restriction, 103, see also projection
reverse Cuthill–McKee, see

Cuthill–McKee
right preconditioning, 4

Saddle point systems, 116
constraint preconditioning, 118
Schur complement reduction,

117
solvability conditions, 117

satellite, vi, 15, 148
Schur complement, 50, 115, 236
shifted Laplacian, 45
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short-term-recurrence methods, 3
smooth error, 92

algebraically, 100
smoothing, 90
Sommerfeld condition, 47
SOR, 19

backward, 33
convergence, 21
fixed-point, 20, 31
symmetric, see SSOR

splitting method, 33
spy plot, 39, 114, 164, 165, 167, 168,

195, 235
SSOR, 20, 33
Steklov equation, 67, 77

discrete, 66
strongly depends, 99
strongly influences, 99
successive over-relaxation, see SOR
sweeping factorization, 48, 50

two grids method, 44, 55
two-grid correction scheme, 94, 109
two-sided preconditioning, 4

uniform discretization, 64
Uzawa’s method, 119, 129, 235, 239,

241, 242
block, 133
inexact, 132
optimal parameter, 236
reformulation, 235

V-cycle, 95, 106
vertex, see node

W-cycle, 106
wavenumber, 42

Zarantonello bound, 6
zero pattern, 30


