A new look at CMRH and its relation to GMRES

Hassane Sadok and Daniel B. Szyld

Report 10-04-25

April 2010
Revised July 2011

Department of Mathematics
Temple University
Philadelphia, PA 19122

This report is available in the World Wide Web at
http://www.math.temple.edu/"szyld






A NEW LOOK AT CMRH AND ITS RELATION TO GMRES*

HASSANE SADOK' AND DANIEL B. SZYLD?

Abstract. CMRH is a Krylov subspace method which uses the Hessenberg process to produce a
basis of a Krylov method, and minimizes a quasiresidual. This method produces convergence curves
which are very close to those of GMRES, but using fewer operations and storage. In this paper we
present new analysis which explains why CMRH has this good convergence behavior. Numerical
examples illustrate the new bounds.

1. Introduction. CMRH (Changing Minimal Residual method based on the
Hessenberg process), introduced in [9], is a Krylov subspace method for the solution
of n x n linear systems of the form

(1.1) Az =b.

This iterative method uses the Hessenberg process to compute at the kth step, a basis
{l1,42,...,L;} of the Krylov subspace

(1.2) Kr = Ki(A,ro) = span{rog, Arg, A?rg, .., Akflro},

where rg = b — Axg, is the initial residual and x( is the initial vector. Furthermore,
this basis is such that the matrix Ly = [¢1, 02, ..., ] is unit lower triangular (which
some times is called trapezoidal); for more details on the Hessenberg process, see, e.g.,
[12, §86.28-6.30]. The CMRH approximation to the solution of (1.1) at the kth step is
xf = To + 25, where z; € K}, is the solution of the following constrained minimization
problem

(1.3) llw]l, subject to Az =ry+ Liyiu,

min
wERFTL 2K, (A,ro)

and the norm || - || here and throughout the paper is the Euclidean norm. For more
details, see Section 3 and [9].

The CMRH method shares many of the computational properties of the well-
known GMRES method; see Section 2 and, e.g., [7, 8, 11] for details on GMRES.
Some of the properties shared by these two methods include the fact that the matrix
A is only needed as an operator for a matrix-vector product, that only one matrix-
vector product is needed at each iteration, and that it is easy to update the kth
approximation by solving a (small) (k4 1) x k least squares problem. One advantage
of CMRH is that, at the k + 1st iteration, the matrix-vector product with A is Afy,
and since the first £ — 1 entries of ¢, are zeros, this product can be implemented
without the need to access the first & columns of A, with possible savings in the
cost of this matrix-vector product, especially when the matrix is not so sparse. This
fact also allows for an implementation in which the first £ columns of the matrix A
are used to store the basis vectors of Lj (in the case that A is full) [5]. We note
that overwriting the columns of A during an Hessenberg process is common when
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computing eigenvalues. The use of iterative methods, such as GMRES (or CMRH),
for the solution of dense problems can be very beneficial; see, e.g., [1] and some of the
experiments in Section 5.

In [5] it was shown that CMRH is indeed a valid alternative to GMRES for certain
situations. These include the cases where the matrix A is explicitly stored and are not
very sparse, e.g., those arising from the discretization of boundary element methods
or integral equations. Furthermore, it has been observed that in practice, CMRH
behaves very much like GMRES, in the sense that if GMRES exhibits superlinear
converges, so does CMRH for the same problem, and if GMRES stagnates, CMRH
does so as well. Furthermore, the convergence curves for the the two methods are
always very near each other (see Section 5 and [9]), and we note that CMRH can be
implemented with fewer operations per step than GMRES. We have found no case in
which CMRH suffer from instability. On the contrary, as shown in Section 5, there
are cases where the error of the approximate solution of GMRES starts to grow, while
the computed residual keeps decreasing. For the same example, no such behavior is
observed for CMRH: the behavior of the error reflects that of the computed residual.

In this paper we present some new analysis and perspectives of CMRH which
helps us understand why this method works so well. In particular, we explain why
the convergence behavior of CMRH is similar to that of GMRES. This is mostly done
in Section 4, where we present explicitly an upper triangular matrix Rj which gives
the change of basis between the Arnoldi basis and the Hessenberg basis of the Krylov
subspace. The same matrix is used to show that, except for a rank one matrix, the two
resulting upper Hessenberg matrices are spectrally equivalent. In fact, at termination,
the two matrices have the same eigenvalues. Furthermore, the ratio between the kth
CMRH residual and the kth GMRES residual is bounded by the condition number
of Ri. In Section 5 we present some numerical experiments illustrating our theoretical
observations.

Throughout the paper, unless otherwise noted, ||z refers to the Euclidean norm,
and (z,y) to the Euclidean inner product. By I} we denote the k x k identity matrix,
with columns denoted egk), e e,(ck). When the length of these vectors is clear from
the context, we drop the superscript.

2. The GMRES method. We review the GMRES method by considering first
a non-traditional approach to the Arnoldi basis. For the usual description of Arnoldi
and of GMRES see further below and also, e.g., [7, 8, 11]. Let

(21) Kk = [To,ATo,AQTo,...,AkilTo]

be the n x k Krylov matriz. Tt follows that K11 = [ro, AKk]. Consider the QR
factorization of

(2.2) Ky = Vkék,

where V}, € R"** is such that VkTVk = I, and Ry, is upper triangular. In other words,
the columns of Vj form an orthonormal basis of Kj.
We can then write

0 0
(23) Kk_;’_l = Vk+1Rk+1 = AKk = AVk Rk
Ik Ik
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Since R ! is also upper triangular, from (2.3) we can define the following (k + 1) x k
upper Hessenberg matrix with the following relations

O1xk | _ Hj, Hi

Hy1x = Ria RV =V AV, = = T
Ik ’UI?—HAV]C thrl,k (el(vk))

and H, = VkTAV;C is a square upper Hessenberg matrix of order k representing a
restriction and projection of the operator A to K. Moreover we have the following
Arnoldi relation as

(2.4) AVi = Viy1 Hip1p = Vi Hi + hi1 Oy €} -

The Arnoldi process to determine Vi begins with v; = ro/||rol|, and at step
j + 1, Av; is orthogonalized with respect to vi,vs,...,v;, thus obtaining a vector
in the direction of the new vector v,;4+1. The orthogonal coefficients hj; = (Av;, v;),
1 =1,...,J, are precisely the entries of the upper Hessenberg matrix Hy1 . The
entry hjy1,; is such that v;4; thus has unit norm.

GMRES is a minimum residual method, and the approximation to the solution
of (1.1), zx € 2o + Ky, is such that the norm of the residual r, = b— Az, is minimum
over all such vectors. In other words, we are looking for xy = xg + 2k, 2 € Kk, or
equivalently zx = zo+ Viyr, yx € R¥ which solve the following minimization problems

. . k+1
(2.5) min o — A (20 + Vi) = min 8¢ — Hipreyll =
(2.6) min llro — AViyll = min [ro — Az|[ = min || Az — o],

where 8 = [|ro]|.

In practice, GMRES implementations are based on solving the small least squares
problem (2.5). We formulate now some other theoretical ways of interpreting the
GMRES approximating problem. If we write now v = Az — rg, we can see that the
minimization problem (2.6) is equivalent to the following constrained minimization
problem
(2.7) min [lv]], subject to Az=rg+wv.

vER", z€K(ro,A)
Since v = Az — rg € Ki41, we can write it as v = Vippw, with w € R**1. Therefore
this problem is equivalent to

(2.8) w|, subjectto Az=ry+ Vitiw.

min
weRk+1 ZGK;C(T(),A)
3. The CMRH method. Our description of CMRH in this section parallels
that of GMRES in the previous section. We begin by considering the LU factorization
of the n x k Krylov matrix

with Lj, € R™** lower unit triangular, and U}, upper triangular. As we did in (2.3),
we can now write

0 0
K1 = Lit1Uky1 =AK,=AL, Uy,
Iy, Iy,
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and similarly since U, ! is upper triangular, we define the following (k + 1) x k upper
Hessenberg matrix

(h)
O1xk Hy

h _
A = U I O (h) ( <k>)T
k Pyr i \ €x

with H ,gh) being square upper Hessenberg matrix of order k. We also have the following
Hessenberg relation

ALk = L1 Ukpa Ut
I,

(32) = Livi Y1y = D HY

+ Rl ef.

Thus, the columns of L form a different (non-orthogonal) basis of Ky; see Section 4
for some identities with the upper Hessenberg matrix H ,gh).

The Hessenberg process consists of building iteratively the basis ¢4, ..., ¢ of K,
so that Ly is unit lower triangular. It begins appropriately by computing
0y = ro/a, with a = (rg)1, i.e., the first entry of ro. At each step j + 1, it proceeds
by computing w = A{;, and subtracting from it multiples of ¢1,...,¢;, to annihilate
the first j components of w. The resulting vector is then normalized so that the 7+ 1

entry is one. The coefficients of these operations are precisely the entries of H ,gh)

Lk
this process, some needed coefficients may be zero (or small), in which case, ;;rix;oting
is needed. This is not problematic, since a corresponding nonzero is always available
after a permutation. It is not hard to see that the Hessenberg process takes many
fewer operations (about nk? fewer in the full case) and less storage than the Arnoldi
process. For more details, see, e.g., [5], [9], or [12, §§6.28-6.30].

We can now define the CMRH method as the counterpart to GMRES, being
interpreted as computing the solution of the constrained minimization problem (2.8),
but now using the basis of Kx1 provided from the Hessenberg process. Thus, formally,
the CMRH approximation zf, is such that xj = xo + 2, 2; € Ki which solves the
following constrained problem

In

(1.3) [lu|l, subject to Az=ro+ Lytiu.

min
u€RF1 2K, (A,ro)

Since the columns of Liy; are not orthogonal, we cannot write directly a counter-
part to (2.7), but if we denote by LLH the pseudoinverse of Ly.1, we can write a
formulation equivalent to (1.3) as follows

: T : _ .
min L v subject to Az=r1rg+v
vER™, zEKZk(ro,A) H k+1 Ha )

in fact, any left inverse of Liy; will work here, but we use the pseudoinverse for
simplicity; though see further comments in Section 4. Thus, we can say equivalently
that the CMRH approximation is x = xg + zj,, where z; solves

i LT (Az—
oo L., 1(Az = 7o),
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i.e., it minimizes a quasiresidual. This is similar to the well-known QMR method [2].
Alternatively we can view this minimization, as a minimization of the residual using
a seminorm; see [5], [9].

In terms of implementation, we write z € Kj as z = Lyy, y € R¥, so that the
CMRH approximation is ¢ = x¢ + Lyyj, where y;, solves

. . k+1 h
(3:3)  min ||LL4 (0 = ALwy)l| = min |11} (0Lipaed"™ = L HPy )l

(3.4) = min flaet™™ — H) .
and this is how CMRH is implemented, i.e., solving the small least squares prob-
lem (3.4), just as in GMRES, where (2.5) was solved; see [5], [9].

We point out that as is the case with QMR, CMRH is a non-optimal method since
the basis chosen for Ky, is not orthogonal. Therefore the analysis and bounds in [10]
apply in particular to CMRH.

4. Relation between CMRH and GMRES. We begin the section with two
new results relating the upper Hessenberg matrices produced by the Arnoldi and
Hessenberg methods.

Let us define the k x k upper triangular matrix Ry = R,U & 1. We show below
that this upper triangular matrix is precisely the change of basis matrix that takes the
basis of the Arnoldi basis of the Krylov subspace into the Hessenberg basis. Indeed,
from (2.2) and (3.1) it follows directly that Vi Ry, = LUy, from where we can write

(4.1) Le = Vi Rp U = Vi Ry,

i.e., the QR factorization of L. We use these matrices to rewrite the Arnoldi rela-
tion (2.4) as

ALRR;" = L Ry} Hiov ke

Comparing with (3.2) we obtain the following relation between the upper Hessenberg
matrices obtained with the Arnoldi process and the Hessenberg process.

PROPOSITION 4.1. H,i]jr)lk = R;lek+17kRk, or equivalently

His1s = Rt HYY, Ry
COROLLARY 4.2. Let p,, € R* be the vector containing the first k components of
the k + 1st column of Ri4+1. Then, the following relations hold.

(R)

h
(42) RHP R + =22 () = Hy,
and
(4.3) 7’k+1,k+1h§€}217k = Nt 1,57 k-

Proof. Observe that both Rk and Uy, are principal submatrices of Rk+1 and Ugy1,
respectively. In particular, U, s a principal submatrix of U, o +11. Consequently, since

these are all upper triangular matrices, Ry = Ry, U, !is a principal submatrix of Ry 1.
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Thus, we have that

(h)
R 28 h Ry Pk H
k+1 Ing)l,k ¥

()
0 | Tht1,k+1 Py g

and

H, R
Hyiy 1R = i b

i1k

Since it follows from Proposition 4.1 that Rk+1HI£T1,k = Hj1,1 Ry, one obtains that

Rkngh) + h,(c}f217kpkeg = Hy Ry, and also that (4.3) holds. The results follows. O
REMARK 4.3. Note that from (4.3) it follows that

h
hl(ch)l,k _ hgyak

)
Tk k Tk+1,k+1

and also that if the Arnoldi method terminates (hr11,%x = 0), so does the Hessenberg

method (hgjr)l,k = 0). The relation (4.2) shows that at termination both methods
produce upper Hessenberg matrices with the same eigenvalues.

We also note that we can write the explicit form of pseudoinverse of L. Indeed,
from (4.1) it follows that LL = R;'VT.

We discuss now some bounds on the residual norms. We mention in passing that
the bounds in [10] are not very tight for CMRH, and therefore cannot be used to
fully understand the behavior of the method (see the experiments in Section 5). The
following result is in the spirit of [10], and indicates that as long as the condition
number of Ry does not grow too fast, the CMRH residual norm will be close to the
GMRES residual norm.

THEOREM 4.4. Let 7’,? and r§ be the GMRES and CMRH residuals at the kth
iteration beginning with the same initial residual ro, respectively. Then

(4.4) I < gl < w(Run) I,
where kK(Rit+1) = ||Rk+1||||R,;i1H is the condition number of Rj41.

Proof. The first inequality in (4.4) is standard and follows from (2.5). Since both

rkG and 7y are in K1, we can write rkG = Lk+1ukG = Vk+1w,§, 1 = Lgp1uf, = Vi wy,

with ul, uf, w{, wf € R¥1 Thus Ri1ul = w. Because of the characterization

(1.3), we have that
gl < il 1| < IR i | = IR -
On the other hand, from (4.1),
7l = [ h v l| < ([ L[l luil-

Since ||Lg+1]| = || Rr+1l]; the proof is complete. O
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We note that from (4.1) it follows that x(Ry+1) = k(Lk+1), and thus, we recover
Theorem 4 of [9], which in turn is similar to a result on QMR [2]. What is of interest
here is that unlike the cases cited, we have an upper triangular matrix, which is the
change of basis between the two basis of the Krylov subspace.

We end this section with further relations between CMRH and GMRES iterates
and residuals. We also provide the exact formulae for w{ and w§ defined in the proof
of the preceding theorem.

PROPOSITION 4.5. The following relations hold.

(i) Ry =VH Ly, R, = LLVi.
(i) rf = llrol|Vies (T = Hipr s Bl y)en

)
(i) = ol Viers (T = Hirn i (Ridy Hien) ' BiclyJea.
lof — 2] T -1 Tp—1

) W = ||(Hk+1,k - (Rk+1Hk+1,k) Rk+1)el||-

Proof. The relation (i) follows directly from (4.1) and the fact that LL is the
pseudoinverse of Lj. Relations (ii) and (iii) follow from the expression of the min-
imizing element of (2.5) and (3.3), respectively. We now use the Arnoldi relation
AVyy = Vg1 Hiyq f in (i1) and (iii), and obtain

(iv

_ T
rig =i = ol AVi (HIIJrl,k — (Rify Hirr k) Rkil) “

from where (iv) follows directly. O

5. Numerical Experiments. In this section we provide experimental results
using the CMRH method, and comparing its performance with the GMRES. We
illustrate the theory developed in this paper with two classes of matrices. The first
involve well conditioned matrices (examples 5.1, 5.2 and 5.3); while the matrices in
the next two examples are badly conditioned. In in the first four experiments we have
n = 1000, x¢g = 0. For the first three examples, the right hand side is chosen such that
the exact solution z* is a known random vector. The first five numerical experiments
were carried out using Matlab. Fortran was used for part of the experiments of the
last example.

We begin with examples from the Matlab gallery test matrices [6].

| LU | GMRES | CMRH
Tter. 13 13
|residual| | 4.42 107 | 4071071 | 5.11 107
|error|| | 3.03107'* | 3.9810~'* | 3.35 10~

TABLE 5.1
Results obtained for the matrix Ris.

EXAMPLE 5.1. In this example we consider the symmetric Hankel matrix
(A=gallery(’ris’,n)) with elements

0.5

Wd) = v s

The converge of both methods is very fast: both GMRES and CMRH converge in
13 iterations, as can be seen in Table 5.1. In this table, and in those of the other
experiments, we also report the norms of the residual and of the error of the computed
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Fic. 5.1. Ezample 5.1: norms of residuals (left) and errors (center); and k(Ry,) (right).

approximation. For comparison, we also report these two quantities when the system
is solved with a direct method (we use the default direct method in Matlab) and label
it LU in the tables. For this experiments, for all three methods reported, the norms
of the residual and of the error are of the same order of magnitude. In Figure 5.1,
we present the usual convergence curves for CMRH and GMRES (residual norms), as
well as the norms of the corresponding errors. As it can be appreciated, the curves
for CMRH and GMRES are very close to each other. We also present in the same
figure the values of k(Ry) for each iteration k. One can see that these values are very
small.
ExaMPLE 5.2. For this experiment we use the Riemann matrix

(A=gallery('riemann’n)) with elements

a(i,j) =14 ifi+1 divides j+ 1, and a(i,j) = —1 otherwise.

As it can be seen in Table 5.2 and Figure 5.2, the curves for GMRES and CMRH are
very close to each other, and x(Ry) grows only to be of order 100.

| LU | GMRES | CMRH
Iter. 241 242
|residual|| | 4.62 1071 | 1.74 10 | 5.01 10~

lerror| | 57710713 | 1.82 10712 | 2.70 10~ '2
TABLE 5.2
Results obtained for the matriz Riemann.
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Fic. 5.2. Example 5.2: norms of residuals (left) and errors (center); and k(Ry,) (right).

EXAMPLE 5.3. In this example, we consider a random matrix A = rand(1000)
of dimension 1000. Such a matrix has condition number O(1000) on average and
smoothly distributed singular values. As it can be observed in Figure 5.3 both GMRES
and CMRH stagnate, i.e., they make negligible progress until the iteration number
reaches n = 1000. This is the usual case for this kind of matrices. In Table 5.3 we also
observe that the achieved accuracy is of the same order of magnitude for all methods.
Note that the condition number of Ry reaches a value of only the order of 103.

| LU | GMRES | CMRH
Iter. 1000 1000
|residual| | 1.13 1071 | 1.52107 | 3.05 10~
llerror| | 1.091071° | 1.03 107%° | 1.89 10~ 10

TABLE 5.3
Results obtained for a random matriz of size n = 1000.

For the next two examples we use the Matlab Regularization Tools from [3]. As
is well known, these matrices are not well conditioned.

ExXAMPLE 5.4. Consider the solution of the Fredholm integral equation of the
first kind

6
(5.1) /6 k(s,t)x(t)dt = y(s), —6 <s<6.

Its solution, kernel, and right-hand side are given by
_J 14cos(5t), if |t] <3,
o(t) = { 0, otherwise,
k(s,t) = x(s — t),
1 s
y(5) = (6~ [s))(1 + 5 cos(F s

9 . w
"))+ 5 sin( 5 sl).
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Fi1G. 5.3. Ezample 5.3: norms of residuals (left) and errors (center); and k(Ry,) (right).

We use the code phillips from [3] to discretize (5.1) by a Galerkin method with or-
thonormal box functions as test and trial functions to obtain the symmetric matrix
A of order n = 1000.

| LU | GMRES | CMRH
Tter. 157 133
|residual|| | 1.47 10714 | 45910712 | 3.8 101!
lerror| | 4.38107° | 2.201075 | 2.34107

TABLE 5.4
Results obtained for the matrixz Phillips.

In Table 5.4, we can observe the effect of the high condition number of A: the
norm of the error of the obtained approximations is several orders of magnitude larger
than that of the corresponding residuals. At the same time, we note in Figure 5.4
that k(Ry) is only of the order of 100, and this implies that the convergence curves of
CMRH and GMRES are close to each other. This fact is also observed in Figure 5.4.



A new look at CMRH and its relation to GMRES 11

2 : 1 : 140
—— GMRES —— GMRES
~  CMRH ~  CMRH
of _— | 120t 1
-2 T o lOO0f B
- 1z
g S g
ER 4 = £ sof g
2 s =
k7] 5 b
° 2 18
2 s E
.— - o | |
5-6 S E o0
=) 8 =
8 = =
S 18
-8 B © a0} g
-10 g ) 20 1
12 ‘ 5 ‘ ° ‘ ‘
o 100 200 o 100 200 o 50 100 150
iterations number iterations number iterations number
FiG. 5.4. Example 5.4: norms of residuals (left) and errors (center); and k(Ry,) (right).
EXAMPLE 5.5. We consider the integral equation
w/2
(5.2) / k(s,t)x(t)dt = g(s), 0<s<m,
0
where

k(s,t) = exp(scos(t)), and g(s) = 2sin(s)/s.

The solution is given by f(t) = sin(t). We used the Matlab code baart from [3] to
discretize (5.2) by a Galerkin method with 1000 orthonormal box functions. This
yields the matrix A of order n = 1000. We use the right hand side b so that the
solution is the known solution.

| LU | GMRES | CMRH
Iter. 7 7
|residual|| | 8.84 10715 | 1.90 10713 | 2.58 10713

|lerror|| 9.4510%2 | 2.87107° | 2.89107°
TABLE 5.5
Results obtained for the matrix Baart.

As in Example 5.4, we can see in Table 5.5 that the norms of the errors are much
larger than those of the residual. Note however that for this example, the direct
method gives an error which is seven orders of magnitude higher than the iterative
methods. Note also, that the iterative methods converge very fast and that their
convergence curves stay very close to each other, with x(Ry) only reaching a value of
the order of 10; see Figure 5.5.

EXAMPLE 5.6. For our last numerical experiment, we consider the matrix A,
which is defined by:

A= —log|zi — z;|, for i # j,
J *lOg|7’i|,
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where z; are n randomly distributed points in a unit square centered at the origin
in the complex plane and where each r; is a number in (0, d;], d; being the distance
between the point z; and its nearest neighbor. We observe that computing an off-
diagonal entry A;; corresponds, up to a factor of —%, to evaluating the free space
Green’s function for the Laplacian in two dimensions with argument z; —z;. For more
details, see [4]. We choose the right hand side, so that the exact solution z* is equal
tox; =1, fori¢=1,...,n. We run three experiments for this example. In the first
one we used Matlab.

In this first experiment, we set n = 1000, and compare the behavior of CMRH
and GMRES. As shown in Figure 5.6 and Table 5.6, the curves of both GMRES
and CMRH are very close to each other, even x(Rj) grows. GMRES and CMRH
converge in 690 and 694 respectively. We can also remark that despite the fact that
the compueted Arnoldi vectors loose orthogonality (||I — V;I' Vi || increases) as shown
in Figure 5.7, both methods produce an accurate solution.

| LU | GMRES | CMRH
Iter. 690 694
|residual| | 3.21 10712 | 1.22107 | 8.38 102
|lerror|| 7.141071 | 7391071 | 3.73 10711

TABLE 5.6
Results obtained for the matriz Helsing of size n = 1000.

In the second test, we set n = 20000, and compare the behavior of CMRH and
GMRES, as shown in Figure 5.8 and Table 5.7. As it can be observed, the curves of
both GMRES and CMRH are very close to each other for most of the computation.
At a certain point (after 8000 iterations), the computed CMRH residual stagnates
around 1078 with an error stagnating at about the same magnitude. On the other
hand, the computed GMRES residual continues to decrease, but the corresponding
error grows by at least an order of magnitude. A direct method works well for this
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FiG. 5.6. Exzample 5.6, n = 1000 : norms of residuals (left) and errors (center); and k(Ry)
(right).
16 ‘ ‘ ‘ : s s
o 100 200 300 400 500 600 700
iterations number
FIG. 5.7. Ezample 5.6 n = 1000, logq |1 — VT Vi ||.
problem.
| LU | GMRES | CMRH | GMRES | CMRH
Tter. 8715 8715 9000 9000

|residual|| | 2.67109 | 516107 | 5.43109 | 6.37 10710 | 3.1210~°

lerror|| | 1.13107° | 1.521078 | 2.34 1078 | 2.46 107 | 2.34 108
TABLE 5.7
Results obtained for the matriz Helsing of size n = 20000.

In the last run, we consider the same problem, but of a larger size, namely
n = 88000. For this problem, the full GMRES can not be used, since the mem-
ory needed would exceed our available 64GB. The CMRH method works in this case,
since the basis of the Krylov subspace overwrites the columns of the matrix, and
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Fic. 5.8. Example 5.6, n = 20000: norms of residuals (left) and errors (right).

very little additional storage is needed. CMRH converges in 30801 iterations, and the
norm of the error at this iteration was 1.14 x 1075. The error in the direct method
was 5.77 x 1075, The curve of the quasiresidual obtained from (3.4) is given in in
Figure 5.9.

6 T T T

— —  CMRH

4t i

log10 of the quasiresidual norm

[o) 1000 20000 30000
iterations number

F1a. 5.9. Results obtained for the matriz Helsing of size n = 88000: norms of the quasiresiduals.

6. Conclusions. We have presented some new analysis of the Hessenberg and
CMRH methods, and formulae relating its iterates and residuals with those of Arnoldi
and GMRES. These results indicate why CMRH works so well in comparison to GM-
RES (but with lower cost and potentially with lower storage requirement, especially
for matrices which are not so sparse). Numerical experiments illustrate these obser-
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vations.
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