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AN OPTIMAL Q-OR KRYLOV SUBSPACE METHOD
FOR SOLVING LINEAR SYSTEMS*

GERARD MEURANT'

Abstract. Today the most popular iterative methods for solving nonsymmetric linear systems are Krylov methods.
In this paper we show how to construct a non-orthogonal basis of the Krylov subspace such that the quasi-orthogonal
residual (Q-OR) Krylov method using this basis yields the same residual norms as GMRES up to the final stagnation
phase, provided GMRES is not stagnating. In many examples this new Krylov method gives a better maximum
attainable accuracy than GMRES with a modified Gram-Schmidt (MGS) implementation. Even though the number of
floating point operations per iteration is larger than for GMRES, the optimal Q-OR method offers more potential for
parallelism than GMRES with MGS.
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1. Introduction. We consider the problem of solving linear systems Ax = b, where
A is a square nonsingular matrix of order n with real entries and b is a real vector of
length n. Today the most popular iterative methods for solving such nonsymmetric lin-
ear systems are Krylov methods. Assuming the initial guess is zero, they use Krylov subspaces
Ki(A,b) = span{b, Ab, A%b, ..., A¥=1b}, k =1,2,..., of growing dimension that are de-
fined by repeated multiplication of the right-hand side b with the matrix A. The approximations
2}, to the solution of the linear system are extracted from these subspaces.

Two well-known Krylov methods are FOM (Full Orthogonalization Method) [17] and
GMRES (Generalized Minimum RESidual method) [18]. These two methods use an orthonor-
mal basis of the Krylov subspace that is computed by the Arnoldi process [1]. GMRES
minimizes the /5-norm of the residual vector at each iteration and is, in this sense, an opti-
mal method among those using only one matrix-vector product per iteration. In FOM, the
residual vectors are orthogonal but the residual norms are larger than or equal to the GMRES
residual norms. In [4] it is shown that many Krylov methods can be described as so-called
quasi-orthogonal (Q-OR) or quasi-minimum (Q-MR) residual methods. Well-known examples
are FOM/GMRES, BiCG/QMR [5, 6], and Hessenberg/CMRH [10, 19]. Here we use a dash
in Q-OR and Q-MR for the general methods that use any basis of the Krylov subspace to
distinguish them from the QMR method proposed in [6]. All these pairs of methods differ
mainly by the basis of the Krylov subspace that is used. FOM/GMRES use an orthogonal
basis, BICG/QMR use a biorthogonal basis, and Hessenberg/CMRH use a basis originating
from the LU factorization with pivoting of the Krylov matrix. However, one can use any basis
of the Krylov subspace in the Q-OR/Q-MR methods.

The main goal of this paper is to show that one can construct a non-orthogonal basis
of the Krylov subspace such that the corresponding Q-OR method yields the same residual
norms as GMRES when they are started from the same initial vector (except in case of
GMRES stagnation); that is, one can construct what can be considered an optimal Q-OR
method. Moreover, we show that this non-orthogonal basis has many interesting mathematical
properties.

The content of the paper is as follows. In Section 2 we recall the construction and the
properties of general Q-OR methods using any basis of the Krylov subspace. Section 3 is
devoted to the construction of a basis for which Q-OR will deliver the same residual norms
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as GMRES provided GMRES is not stagnating. In the first subsection it is shown that this
goal can be reached, but the corresponding algorithm is not practical since it relies on matrices
which are numerically badly conditioned. The second subsection establishes some technical
results that will be needed to solve a minimization problem related to the construction of
the basis. The third subsection shows how to reliably construct the optimal basis and the
upper Hessenberg matrix from which the approximate solution is computed. In Section 4
we study the mathematical properties of the optimal basis. Remarkably, the angles between
the basis vectors can be explicitly written as functions of the residual norms. Moreover, a
lower bound on the smallest singular value of the matrix whose columns are the basis vectors
can be obtained. Some of these properties are also helpful to simplify the implementation
of the method. Section 5 provides an implementation of the method. In Section 6 we report
some numerical experiments showing that the method delivers the same residual norms as
GMRES-MGS, that is, GMRES implemented with the modified Gram-Schmidt algorithm,
but, in many cases, with a better maximum attainable accuracy. In Section 7 we propose a
simple technique to handle the breakdowns that could occur in the Q-OR optimal method
when GMRES is stagnating. Finally, we give some conclusions and perspectives.

2. Q-OR Krylov methods. For simplicity we assume that all the matrices have full rank
(except Hy, defined below), but the results are also valid when there is an early termination. In
particular, the Krylov matrix defined as

K=[b Ab A% ... A"1p).

is a nonsingular matrix. Without loss of generality we will also assume that ||b|| = 1 and that
the first iterate is xg = 0.

We first consider abstract Q-OR methods regardless of the basis that is used. Let us
assume that we have an ascending basis vg, kK = 1,. .., n, of unit norm vectors for C,, (A, b)
with v; = b. This means that {vy, ..., v} is a basis of K (A, b) for all k& < n. The unit norm
basis vectors are not necessarily orthonormal to each other, but, of course, they are linearly
independent. Let V' be the matrix whose columns are the basis vectors v, k = 1,...,n. The
matrix V' is nonsingular, and there exists a nonsingular upper triangular matrix U (which is
the matrix representing the change of basis) such that

2.1) K=VU.

Let C be the companion matrix associated with the characteristic polynomial of A denoted
by

(2.2) C = I C

—Qp—1

where I,,_; is the identity matrix of order n — 1. The roots of the monic polynomial with
coefficients o, 1, . . . , g, Where « is the constant coefficient, are the eigenvalues of A. From
[3, Theorem 2.1] we know that H = UCU ~! is an unreduced upper Hessenberg matrix and
that AV = V H. This gives an Arnoldi-like relation that is called a Krylov decomposition
in [20]; see relation (2.3) below.

Let us now define the Krylov methods we are considering. We proceed as in [4]. Since,
without loss of generality, we have chosen a zero starting vector xy = 0, we define the iterates
T as

T = ka(k)a
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where V}, is the matrix of the & first columns of V. This means that we look for z in (4, b).
We have the Arnoldi-like relation

(2.3) AVy, = Vi Hg + hiy1 gvrsaer = Vg1 Hy,

where H}, is the principal submatrix of order k£ of H, H, is the same matrix appended with
the k first entries of the (k + 1)st row of H, and ey, is the last column of the identity matrix of
order k. Thus, the residual vector r; can be written as

(24) T = b — A:L'k = Vkel — Aka(k) = Vk(el — Hky(k)) — hk+17ky,gk)vk+1,

where e; is the first column of the identity matrix of order k.
The kth iterate a:g = Vy™® of a Q-OR method is defined (provided that Hj, is nonsingu-
lar) by computing 3(*) as the solution of the linear system

(2.5) Hiy®) = e;.

This annihilates the first term in the rightmost expression of (2.4). Thus, the kth iterate of the
Q-OR method is xko =ViH, 181. Moreover, the residual vector, which we denote as r,?, is
proportional to vy 1, and ||r{|| = \hk+1,ky,(€k) |. In case Hj, is singular and z{ is not defined,
we shall define the residual norm to be infinite, ||7{|| = cc. The vector y(¥), i.e., the solution
of equation (2.5), is usually computed by transforming the subdiagonal entries of Hy, to zero
using Givens rotations and then solving an upper triangular system. Note that if b is not of
unit norm or if xy # 0, we have to solve Hyy™*) = ||r§|le1.

In a Q-MR method, the vector y*) is computed as the solution of the minimization
problem

min [ler — Hyy.

The Q-MR iterates are always defined contrary to the Q-OR iterates. An optimal Q-MR
method is clearly GMRES since it minimizes the residual norm because, in this case, the

matrices Vj, j = 1,...,n, are orthonormal. However, in this paper we concentrate on Q-OR
methods for which we have the following result.
THEOREM 2.1 ([3]). Let [Vl)l vig - z/l,n] with vy 1 = 1 be the first row of U7L,

the matrix U being defined by relation (2.1). The entries v1 41, k = 0,...,n — 1, satisfy

ksl =
Vik+1l = 7o
Il
where r{ are the Q-OR residual vectors obtained with the basis V.

In other words, whatever is the chosen basis, the norms of the residual vectors of the
Q-OR method can be read from the first row of the inverse of the upper triangular matrix
U that describes the relation between the natural basis and the basis we are using. In the
next section we will use this result to construct a basis for which Q-OR will deliver the same
residual norms as GMRES. Note that when ||r§|| # 1, we have |11 k11| = [|78[|/[|7$ |-

3. An optimal basis for Q-OR. Obviously, from Theorem 2.1, it would be nice to
construct the basis in such a way that we have the largest possible values of |14 ;|, j = 2,...,
in the first row of U ~1. However, we have the constraint that the basis vectors v; must be of
unit norm. We first construct the basis using the matrix U ~! because it is not too difficult to
show that, if there is no breakdown, this basis is optimal in the sense that we obtain the same
residual norms as GMRES. We do this informally because we will see that, numerically, this
is far from being practical and efficient, and we will then look for a more reliable equivalent
algorithm.
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3.1. Construction of the basis using U 1. We may directly compute the basis of
K. (A,b) from the relation V' = KU ~! obtained from (2.1). In this way we obtain the vectors
v; straightforwardly, but, as we said above, the columns of V' have to be of unit norm for
the result of Theorem 2.1 to be valid. We denoted by v; ; the entries of U —1. Let v, be the
vector of components v; 3,¢ = 1,..., k, the k first components of the kth column of U -1
and let K be the matrix of the first k£ columns of the Krylov matrix K. Using the relation
V = KU1, we define

UV = Vlﬁkb + Ug’kAQb + -4 Vk)kAk_lb = Kuy,.

We would like to have |0 || = 1 and |vy | as large as possible. Then, we can define the basis
vector as v, = 0. This means that we have the constraint || K || = 1, which corresponds to

VgKgKkl/k = I/;?Mkuk = 1.

Since the matrix My, = K ,CTK & 1s symmetric and positive definite, this is the equation of an
(hyper) ellipsoid in R* centered at the origin. All the points (that is, vectors) on the surface of
the ellipsoid satisfy the constraint. To maximize |v; ;| we have to find a point on the surface
of this ellipsoid attaining a maximum of the absolute value of the first coordinate.

For simplicity, let us consider the case £ = 3. A way to solve the problem is to use
projective geometry and the fact that an ellipsoid is a transformation of a sphere. A sphere of
radius 1 centered at the origin is represented by a matrix S of order 4,

10 0 O
01 0 O
5= 001 0
00 0 -1

Apointpisdefinedasp= [z y =z 1] ” and the equation of the unit sphere is p” Sp = 0.
We apply a transformation " from the sphere to the ellipsoid and obtain

(T 'p)"S(T'p)=p"T""ST 'p=0.

Hence, the equation of the ellipsoid is p? Wp = 0 with W = T-TST~!. Now, we are
looking for a plane tangent to the ellipsoid and orthogonal to the z-axis. In our coordinate
system, a plane is represented by a vector « such that u”'p = 0. We recognize that for a point
p on the ellipsoid, the plane defined by u” = p” W touches the ellipsoid at p since

uWIp=pTWp=o.
It can be shown that this is the only intersection point. The tangent plane is characterized by
uWIWlu = pTWWWp =p"Wp =0.

In this system of coordinates, the equation of our ellipsoid is

r|Ms 0 .
p {0 _1]}7—0.

Hence,
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A plane orthogonal to the x-axis is defined by u? = [1 0 0 f:c]. Therefore, we must
have

1
Mzt oo0]o]
1o o —x]{ g 1] g
—X
This yields
(Mg_i)m
My _
1 0 0 —z] &&%i =Mz — 2" =0.
X

Finally, we obtain the first component of the solution by z = £/ (M3 1)171. Note that

M3 = KT K3 is positive definite, and thus the diagonal entries of its inverse are positive.

However, this does not give the other components of the solution, that is, the other
components of a column of U ~! which are necessary to compute the columns of H. But, we
can compute them using the tangent plane. Let us write the matrix M3 as

Mz =

2 O =
S > O
& o>

The gradient at (x, y, 2) is
T+ ay+ 9z
g=2|ax+ Py+ 0z
Jr + dy + wz

We obtain the equations

(x+ay +42)r =1,
dx+By+5z:0,
'Ayz+(§y+djz:0.

But, we already know the first component x. The other components are found by solving the

linear system
B o] _ _[a
IR

Note that the matrix of this system is the trailing principal submatrix of M3, and the vector on
the right-hand side is constructed from the last two entries of the first column. The matrix is
nonsingular, but it may happen that the right-hand side is zero, in which case the matrix that
we denoted by “U~1” will be singular!

This construction can be straightforwardly generalized to any dimension. Choosing

the positive solution, we obtain x = 4/ (M,;l)m, and the other components are computed
by solving a linear system of order £ — 1 whose matrix and right-hand side are May.j, 2.1
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and —z Moz 1. In theory, when we have a nonsingular upper triangular matrix U1, we
can compute the basis vectors using V' = KU~!. The upper Hessenberg matrix H can
be computed from U using a result proved in [3]. The submatrices of H can be written as
Hy, = U,CPU & !, where Uy, is the principal submatrix of U and C'*) is a companion matrix
whose last column is U, lUlzk,kH. Hence, Hj, is nonsingular if U, Lis nonsingular, that is,
all the diagonal entries are nonzero. But, even though we can compute all the columns of U ~*,
we have no guarantee that the matrix “U—!” is numerically nonsingular; if it is (close to be)
singular we have a (near) breakdown of the algorithm.

Unfortunately, this breakdown situation occurs if there is stagnation in GMRES. The
real matrices leading to GMRES stagnation have been characterized in [14]. They can be
written as A = ZQRZ7T, where Z is an orthonormal matrix, R is upper triangular, and Q is
an orthonormal matrix such that parts of some columns and of some rows are zero, depending
at which iterations the stagnation of the residual norms happens. The right-hand side giving
stagnation is b = Ze;. Let us consider, for instance, an initial stagnation of the GMRES
residual norms, ||7§|| = ||| = 1. Then, the first column of the matrix @ is zero except for
the second component, which is equal to 1, that is, Qe; = es; see [14]. Then, we have

Kg = [Zel AZel] =7 [61 QRel] =7 [61 (5@61] 5

with § = (R)1,1. Therefore, we obtain

T 1 delQes] 1 0
Me=Io Ko = lsergre, 82 [T o0 82

The matrix M is diagonal as well as its inverse. Using this, the first two components of the
second column of “U~1” that we are looking for are 1 and 0, and the upper triangular matrix
we are constructing is singular. This reminds of the relations between FOM and GMRES:
when GMRES stagnates, the FOM iterates are not defined. More generally, we obtain zero or
small entries on the diagonal of the columns corresponding to the iterations where the GMRES
residual norm is (almost) equal to the norm of the previous iteration.

Of course, even when there is no breakdown, this algorithm is not practical since we
need to know the moment matrices M, = K kTK &, and it is well known that, numerically, the
column vectors of K may loose their linear independence. Moreover, if we are in a case for
which we have fast convergence of the Q-OR method, the matrices M, tend to become almost
singular, and this yields numerical problems in the computation of (./\/l,;1 )1,1 and in solving
for the other components. Nevertheless, if U-1lis nonsingular, Hj, is nonsingular for all k,
and if we apply the Q-OR method with this basis, we obtain residual vectors whose norms are
such that

1
(M iy)1a

with M1 = K EHK k+1- It is known (see [15] and the references therein) that these values
of the residual norms are those that are obtained from GMRES. Hence, maximizing |17 j|
yields the GMRES residual norms. This result was also obvious from Theorem 2.1. Therefore,
these residual norms are the best ones that we can get with the given Krylov subspace with
only one matrix-vector per iteration. In a sense, the construction that we have done before
defines an optimal Q-OR method. We have (loosely) proved the following result.

THEOREM 3.1. Given a matrix A and a starting vector b. If there is no breakdown in the
algorithm described in this section, we obtain a basis for the Krylov subspace IC,,(A,b) such
that the Q-OR method constructed with this basis yields the same residual norms as GMRES
applied to A and b.

11 =

)
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Since constructing U ! is not practical, we would like to try build up the matrix H
directly without using the matrix U or its inverse.

3.2. Some technical results. Before constructing the optimal basis using H, we need
some technical results.

LEMMA 3.2. Let A be a square real symmetric positive definite matrix of order n
with a spectral factorization A = QAQT with A = diag(\;), A\j, 5 = 1,...,n, being the
eigenvalues of A and QTQ = I. Let ¢ € R™ be not orthogonal to any of the eigenvectors
of A and vy be a real positive number. Then, the eigenvalues 1, j = 1,...,n, of the matrix
A — ~yccT are given by the solutions of the secular equation

n
(2)?
1_’}/ :Oa
; A

(3.1 i)

with z = Q" c.
Proof. See [7, 9]. We are looking for an eigenpair (u, y) such that
)

(A —ryee )y = py.

This yields ¢’y = ve?' (A — pl)~tec’y. But ¢’y # 0 since otherwise y would be an
eigenvector of A and ¢ would be orthogonal to such an eigenvector. Therefore, ;1 must satisfy
the equation

1—~c"(A—pul)™te=0.
Using the spectral factorization of A and z = Q7 ¢, we obtain the secular equation (3.1). a
COROLLARY 3.3. Using the hypotheses and notation of Lemma 3.2, let
1 1

Zn (z))2 CTAflc.
J=1 "

Yopt =

Then A — ~cc®' is positive definite if 0 < vy < Yopt» positive semi-definite if v = yop. and
indefinite if v > Yop.

Proof. Obviously the matrix is positive definite if v = 0. So, let us assume v > 0. The
function f defined in (3.1) has poles at the eigenvalues A\; of A, which are positive. The
function f is decreasing in between the poles. Hence, since v > 0, there is a strict interlacing
between the eigenvalues of A and the eigenvalues of A — e, Only the smallest eigenvalue
p1 of A — e’ can eventually be negative. The function f tends to 1 from below when
@ — —oo. From (3.1) we have

~ (2)°

0)=1- I,
f(0) ¥ Z y
J=1
This value is positive when v < 7,p¢, and A — vecT is singular when v = Yopt - a

PROPOSITION 3.4. Let B be ann X k real matrix withn > k and d € R™,d # 0, such

that the matrix Bq = (B, —d) is of full rank k + 1. We also assume that BTd # 0. Let v # 0
be a given vector in R such that the vector v appended with a zero at the bottom is not
orthogonal to any eigenvector of Bg;Bd. Let

|d = By|?

3'2 o} p—
(3:2) Tort yERF vTy7#£0 (VTy)2
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Then,
(3.3) @

Topt = avT(BTB)=1y 4+ w?’

with o« = d'd — d"B(B"B)™'B"d and w = d" B(BTB)~'v. Moreover, if w # 0, a
solution y,p of the minimization problem (3.2) is given by

(3.4) Yopt = (BT B)"'BTd + 2(BTB) v
w

Proof. Note that 7,,; > 0, but, by our hypothesis, d is not in the range of B, and there is
no vector y such that ||d — By|| = 0. Hence, ,,: > 0.
We use the same technique as in [16] and [11]. We consider the problem

(3.5) supy, suchthat ||[d — By|?> > ~v(vTy)? forally € R* vTy +#0.
vy

From [11, Theorem 2] we know that this yields the solution of the minimization problem (3.2).
We have

|d—By||> =d"d—y"B"d—d"By+y"B"By,  (v"y)> =y "y
Therefore, the constraint in (3.5) can be written in matrix form as

BTB —yuT —BTq
(3.6) [y" 1] C(y) mzo, C(V)Z[ 7dTéwj ard |

We note that the matrix C'(y) can be expressed as
v
C(y)=BIB;—~ [0] v 0], By=[B —d.

Hence, by our hypothesis, C'(v) is a rank-one perturbation of a symmetric positive definite
matrix. We are in a position to apply the results of Corollary 3.3. There is a unique value
7 = Yopt for which the matrix C(vy) is singular. If 0 < v < ,p, then the matrix C(7) is
positive definite. Therefore, 7, is the largest value for which the relation (3.6) is true for all
vectors y. Since the last component of the vector in the rank-one modification is zero, from
Corollary 3.3, to compute the denominator of 7,,;, we need the value of

v o Ea [r).

and therefore we have to find the first principal block of the inverse of C'(0). It is given by the
inverse of the Schur complement (which is positive definite) and

1
VT (BTB — 4= BTdd"B) ™' v

Yopt =
We use the Sherman-Morrison formula (see [8]) to obtain
1

vT [(BTB)~ + (BT B) ' gry 4 By (BTB) 1|

Yopt =
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With o = d¥'d — d* B(BTB)"'BTd and w = d* B(BT B)~'v, we obtain the relation (3.3).
The value ,,; is the minimum of (3.2) that we were looking for.
From our hypotheses there exists a vector Y, 7 0 such that

ld— ByOpt||2_

(VT Yopt)?

Yopt =

It can be computed in the following way. When v = 7, the matrix C(y) has a zero
eigenvalue. Therefore, we solve

3.7 (BTB — ’yoptVVT)yopt = BT4.
It turns out that we also have d7'd — dTByopt = 0 since
d'd —d"B(BTB — yopvv?) ' BTd = 0.
The vector y,,, the solution of (3.7), is obtained from the Sherman-Morrison formula.

Yopt = (BTB - A/optVVT)_lBTd7

T
— (BTBY"'BTd+ (BTB)"! JoptV¥ BTB)"'BTd
( ) +( ) 1_'-YoptVT(BTB)_1V( ) )
T (BTB)"1BTd
:(BTB)leTd_F’YPt[V ( ) ](BTB)ill/.

1 =Yo7 (BTB)~ v

Now, vT(BTB)~'BTd = d" B(BTB)"'v = w. Let t = (BT B)~'v. We have to consider
the factor

B A S
1 — Yo/t Yot = Ty + w?
Some algebra yields,
’Yoptw — g
1= oIt W’
and this proves the result (3.4) for y,p:. a

Let us remark that from Proposition 3.4, we see that in order to compute 7y,,,; and Yop:,
we need to solve two linear systems

(BTB)t = v, (BTB)s = BTd.

The vector s is the solution of the least-squares problem min, ||d — By||. The solution of
the problem in Proposition 3.4 is the solution of this least-squares problem plus a correction
depending on v. We also remark that the coefficient «v is a Schur complement in the matrix
C(0) which is symmetric positive definite. Therefore, « is positive.

Let us now consider the case BTd = 0. Then, vop: = 1/vT(BTB)~lv, and
|ld — Byl||? = d"d + y* BT By. Therefore we have

y"(BTB — v v)y = —d¥d < 0.

The matrix within the parenthesis is positive semi-definite, and there is no vector y that could
satisfy this identity. Hence, there is no finite solution to the minimization problem (3.2).
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3.3. The construction of the basis using H. To construct the Q-OR optimal basis using
the relation AV = V H, that is, without using the inverse of U, we have to relate H to the first
row of U1,

LEMMA 3.5. The entries vy ; of the first row of the inverse of U are related to the entries
hi7 j OfH by

k
1

3.8 - Dip  k=1,....n—1

(3.8) V1 k41 thJc;VLJ ok n

Proof. We have seen that H = UCU —1 where C is the companion matrix defined
in (2.2). Multiplying on the left by U !, we have U"'H = CU~!. From the structure of C
and the fact that U ! is upper triangular, the entries of the first row of CU ! are zero except
for the last one in position (1, 7). Writing the entry (1, k) of U~ H for k < n, we obtain

k+1 1 k
E 1/17jhj7]§ =0 = Vik+1 = — E 1/17jhj7]§. O
= Per1k 5o

Hence, we have a relation between the first row of U1 and the kth column of H. Let us
assume that at step k of the algorithm we have already computed v ;, j = 1,...,k, and we
would like to find h; 5, 7 = 1, ...,k + 1, to maximize the absolute value of vy ;1 1, knowing
that hj41 5 has to be chosen to obtain a vector v;; of unit norm. From the Arnoldi-like
relation (2.3), the subdiagonal entry hj 1 x is given by the norm of the vector

k
(3.9) f}k = Avk — Z hj,kvj,

=1
and the next basis vector is vj+1 = O /hg+1,k With g1 5 = ||Uk||. Then, from Lemma 3.5,

| = 2L
F T ld = Byl

with
d=Avy, B=Vy=1[v1 - wl, y=[hxr - hk,k}T, v=[v1 - vigl-

We would like to maximize |vq j4+1 \2. Hence, we wish to solve

1 d—Byl?
|V1,k+1|2 yERF v Ty#0 (VTy)2

The minimizer of this problem was given in Proposition 3.4. When it exists, the solution ¥,
is obtained by solving two linear systems with the matrix V7' V.. We outline in a moment
how to simplify the algorithm and to compute the solution efficiently. Let us first consider a
straightforward implementation of the algorithm (with ¢ = 0):
ALGORITHM 0.
Initialization phase
vy = b/||b]|, vi* = Avy,
w=vlvd, a= @) — w2,
hig=w+ 2,
U= Uf — hl,lvl’ hg_’l = ||17

[l
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1~ A
vy = 70, vy = Avog,
hi1
ha 1’

vig=1Luvip=-—
T
v= [V171 V172]
End of initialization
Fork=2,...
1. solve of V;I'Vj t = v,

tA _ /T A
2. vt = Vi,
3. solve of V;I'Vj, s = viA,
4. w= (Mt a= (") Tvd — (vi")7s,
5.
hik
«
hikep= 1|+ | =s+—1,
: w
R ke
6.
b= vj h his1e = || - L
v =v, — Vi hikk, hiyie = ||9], vipgr = — v higk,
Rkt1,k
T
V= [V1,1 Vl,k+1] )

1 ~ A
7. Vk+1 = ml} and UkJrl = Avk_H,

8. if needed, solve Hyy), = IIbller, xx = Viyk.
End For k.

We will later discuss how to efficiently solve the linear systems in steps 1 and 3. This will
provide an improved implementation of the method.

4. Mathematical properties of the optimal basis. In this section we prove some prop-
erties of the basis that will help us simplify the implementations of the algorithm. We use the
same notation as in the previous section,

t=WVIVi)y, s= VIV T W Aw,,  v=[ma - ]’

)

w= (VI Avp)Tt, a = [|Av||? — (VT Avg)T's.

We assume that 14 ; # 0, j = 1,..., k, and that the absolute values of the vy ;’s are strictly
increasing. That is, we assume that GMRES is not stagnating. First, we note that we could
expect the basis to be closer and closer to orthogonality as the method converges. More
precisely, the vector vy, in (3.9) is

. _ (e _
4.1) o= (I = Vi(ViIV) "1V Avy, — ;Vk(V,ka) 1y,

The first term on the right-hand side is in the orthogonal complement of the subspace K (A, b),
and the second one is in K (A4, b). We remark that if we took o« = 0 for every iteration, we
would construct an orthogonal basis. In a moment, we highlight the significance of the term
a/w. Looking at the angles between the basis vectors, from (4.1), we have

1 V11
T~ a

Vk Uk: == _hi

k+1,k WNE41k

“4.2) VkTUk:+1 = -

Y1k
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The next lemma shows how this expression can be simplified.
LEMMA 4.1. The basis vectors satisfy

V1,1
1

VIk+l | v

(4.3) Vik kg1 =
V1,k+1

Proof. From relation (4.2) we have

1 1% -2y
T ~ 7
Vit 1Vk41 = oo = @hrenss
Pet1k [Vt 1

We need to consider v/ (whi1,1). We first remark that w = v7's because v7's = tTV,I Avy,.
Then, we compute hj, | ;. = [|0x[|* using (3.9),

h%+1,k - ||AUkH2 - 2(Avk; Vk’hlzk,k) + (VkTthlzk.’k7 hlik,k)7
and
th’lik,k} = Vk: (8 + %t) s Vk:TVk)hlzk:,k: = VkTA'Uk + gy'

This yields

Q a\?
By = 1Ave]? = (Avi, Vis) = S[(Ave, Vit) = )] + (2) 0.
But,
| Avg || — (Avg, Vis) = a, (Avg, Vit) — (v, s) = 0.

Therefore,
an 2
hi+1,k =+ (a) (V, t)
Inserting w into the first term of the right-hand side of this relation, we obtain

o «
h? = — (I/TS + —VTt> .
k+1k = o

Therefore,
o ek hepe 1
hppipw  vls+ 20Tt vThyg V1 k1
This proves the relation (4.3). O

From Lemma 4.1 we observe that the cosines of the angles between the basis vectors are
given by ratios of the residual norms since

gl _ I8l
il P00

j=1,...k+1.
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The right-hand side of this identity becomes small when the method converges fast enough.
The matrix VkT V. is

1 B P S
V1,2 V1,3 V1l k
1 1 Vi,2 .. vi,2
vi,2 V1,3 Vi,k
T 1 V1,2 1 V1,3
(4-4) Vk Vk- = | vi,3 V1,3 Vi,k
1 V1,2 1
Vik V1K

Below, we explore the inverse of this matrix in detail. The next lemma shows that, mathemati-
cally, the vector ¢ is zero except for the last component.
LEMMA 4.2. The solution of V,I Vv = t is

0
(4.5) t=WVIVi)tv=| ¢
0
U1,k
Proof. Using Lemma 4.1 we have
V17kaTUk. = r.
Therefore,
0
V= VL]CV]CTVkek = VkTVk . O
' 0
U1k

Next, let us prove that the basis is semi A-orthogonal (or conjugate), that is, v} Avy = 0,
for ¢ > k. Hence, our Q-OR optimal method is a right conjugate direction method (RCD). For
a left conjugate direction method (LCD), see [22].

LEMMA 4.3. The matrix V,I' AV}, is upper triangular.

Proof. Let us consider viT Awy, i > k. From the Arnoldi-like relation (2.3), we have

Avg = b1 k41 + Vihi k-

This yields
k+1
vl Avy, = Z hj gl v;.
Jj=1
From relation (4.4), the i-th row of VTV is
Vi1 . Vi,i—1 1 Vi L
V1,4 V1,4 V1,i4+1 Vi,n
Then, with ¢ > k and using the relation (3.8),
k+1 k+1 y y k y
T 1,9 1,k+1 1,5
Y hikvi v =Y hik—L = b + Y hyp—2,
— — V1, V1,i — Vi
Jj=1 Jj=1 j=1
1
= [(Pk+1,671 k+1 — Pit1,6V1,k+1] = 0. 0

V1,
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It is interesting to remark that the inverse of the matrix V;!'Vj, has a particular structure.
LEMMA 4.4. The inverse of the matrix VkTVk in (4.4) is tridiagonal.
Proof. This is readily seen from the structure of the matrix in relation (4.4); see [13]. But,
this can also be proved directly as follows. From relation (2.3) we have

VkTAVk = VkTVka + hk+17k.Vk.Tvk+1ef.

Let Ry, = VI AVy, — hgt1.1 VI vgr1ei. By Lemma 4.3 the matrix Ry, is upper triangular.
We have (V! V;,)~! = HyR; *. This shows that (V;7'V;,)~! is upper Hessenberg. However, it
is a symmetric matrix, and therefore it is tridiagonal. a

It turns out that one can find exact expressions for the diagonal and subdiagonal entries of
the inverse of the matrix V7'V, in (4.4). Let «; be the diagonal entries and 3; the subdiagonal
entries. We have

2
Vo

= ﬂ o V1,2
1= 73 ) 1= 7735 )
1/17271 1/17271
2 2
vy . Ve . V1 iU s
1,2—1 1,0+1 o 1,2Y1,2+1 .
a; = — Y M ek T N S

2 2 2 2 2
Vii = Vii-1  Vig+1 — Vi Vi1 — Vi

o Vik
k=73 2 )
ik~ Vik-1

This result helps us to obtain a lower bound for the singular values of V.

THEOREM 4.5. Assume vy j11| # v 4], 5 =1,...,n—1 Let p;, i =1,...,k, be
defined as
V1,2 il vl | [l vl , [v1e—1] [,k
M= e W= g bt e L<i<h, = e
Vio — Vii = VYii-1 Viiv1 — Vi ik~ VYik—1

The smallest singular value oy, of Vi, is bounded from below by

1

Ok 2
(max; (a; + 1))

=

Proof. Using Gerschgorin circles, the eigenvalues of the tridiagonal matrix (VkT Vi)t
are located in the union of the intervals [c; — p;, ; + ], @ = 1,..., k, where pu1 = |51],
wi = |Bic1| +18il, i =2,...,k — 1, and pp = |Br—1|- Hence, the smallest eigenvalue of
VkTVk is bounded from below by 1/ max;(c; + ;). 0

From Theorem 4.5 we have

1 1 1 Vi k—
a1+u1:71 1+ , ak"",uk: . 1+|1,k 1| ’
1— — |V172| 1— Vik—1 ‘Vl,k
12 U%,k
and

1 V1. 1 V1
Qi+ = — <1+ Vi >+ o <1+ V1 > i=2,...,k—1.
Li i1l o M 1,41l

Pl 2
Vii-1 Yiit1

Without stagnation, the values |7 ;| must be strictly increasing since they are the inverses
of the GMRES residual norms. Hence, all the terms are positive. But, we see that if some
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consecutive values of |y ;| are close, then the maximum of «; + ; will be large, and the

lower bound of the smallest singular value will be small. On the contrary, if the sequence |4 ;|

is increasing rapidly, then the lower bound is large, and the basis is well behaved.
Considering the other ends of the intervals we have

o 1 1 - 1 |V1’k,1|
ap — 1 = 1 1- s O — Mg = ——3 11—
1-— E |l/172 1— Pik—1 |I/17k|

2
Yk

From |v1 | > 1, |v1 k| > |v1k—1], we obtain oi; — g > 0 and o, — pg, > 0, respectively.
For the other intervals from the Gerschgorin circles, we have

1 ; 1 i
Q; — Mg = v2 (1_ |V177I| >+ v2 (1_ ‘V1’2| )’ i:27"'7k_1'
1,4 1 |l/17i_1‘ 1— 1,i ‘V17l'+1|

P Pl
Yii-1 Viit1

The first term on the right-hand side is negative, and the second one is positive. Hence, we do
not know if a;; — p; is positive for 7 = 2,...,k — 1. A necessary and sufficient condition for
a; — Wy to be positive is

1] |V12,z'+1 - V12,i—1‘ > vl |V12,i+1 - V12,i + V1,41 ‘V12,i - V127i—1|'

When min; (a; — p;) > 0, we obtain an upper bound for o1, the largest singular value of V.

Unfortunately, some of the mathematical properties of the basis vectors that we proved
above are not verified up to machine precision in floating point computations. We can only
use a few of them. For instance, the computation of the new unnormalized vector vy, in (3.9)
can be simplified since from relation (4.5),

o
Vihig e = Vis + S VLkVE:
But,
w= tTVkTAvk = l/Lkngvk.

Assuming vy i, # 0, yields

(07

By = Avy — Vis — Bug, = -
Vg, v — Vis — Bug B oT Au,

Moreover, the k first entries of column k of H are given by
higk = s+ Beg.

We observe that we have a breakdown of the algorithm only if v,{Avk = 0. This means that
this method cannot be used for skew-symmetric matrices.

The relations giving the inverse of V;'V}, have to be used carefully to solve VI Vj,.s = viA
at each iteration since this will gradually lead to a discrepancy with the values that can be
computed from the vectors v;. This is unfortunate since it would have given a big saving in
the number of dot products. However, these relations can be used if we restart the algorithm
and if the restart parameter m is not too large. This will be considered in a forthcoming paper.

Let us prove some more relations between the quantities involved in the algorithm. We
have

a2

—_— T 2_
(v,{Avk)Q a+p

B2 —a+ a 25 —a+
k+1,k — & w Neg=¢«
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We also have

V12k

2 5

Pigr =+ hk+1 KT
1 k41

which yields

2

2 . SWAN] .
k+1,k — V2 _ V2

1,k+1 1,k

From the Arnoldi-like relation (2.3), we have
Vilo, = Vil Avg, — ViTVis — BV g,

which yields 3 = —v] ©),. Moreover, the normalization of @y, gives us

T T
Vk V41 = — Vk V-

k+1,k

Using the expression for Vkﬁlvkﬂ, we obtain

"k B g

ikt hksik ot B2

Hence,

el 1.

V1 k1] —

We have seen that the residual vectors are proportional to the basis vectors since
T = —hgy1, ky,(ck) Vi+1. Moreover, from the Arnoldi-like relation (2.3), we have

Pit1,k V1 = Avg — Vihag k-

This implies that the basis vectors are obtained by the application of a polynomial in A to the
initial residual vi4+1 = g (A)b, where gy, is a polynomial of degree k. Hence, the residual
vectors are also given in polynomial form as 'r,? = pr(A)b, where the so-called residual

polynomial pj, of order k is such that p,(0) = 1. The polynomials g satisfy

A—h
hgl( 11);

1
‘Ik(/\):hkﬂk Agk—1( Zhlqu 1 , k=2,...

On the other hand, since Hy, is an upper Hessenberg matrix, it is well known that det (A — Hy,)
is a polynomial s () that satisfies s1(A) = A — hq 1 and the recurrence relation

51N = (A — hg ) sk ( th H hijo1sio1(N),  k=2,...
Jj=i+1
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It can be shown that the two polynomials ¢ and s; are equal up to a scaling factor, and
therefore they have the same roots. The roots of the residual polynomials are the eigenvalues
of Hy. These eigenvalues can be considered, when k increases, as approximations to the
eigenvalues of A. They are distinct from the Ritz values that are obtained from the Arnoldi
algorithm.

Let us assume that the data are real. Since K = VU, we have

O
1
V=KU " = vp11 = KU ey = £k =+ pi(A)b.
[l [l

Let pr(A)b = Sl(ck)Akb +- 4 f%k)Ab + b. By identification of the coefficients, we obtain

1
&
U™ ept1 = im ,(c )
r
o
L 0 -
We can also express Uj_1 = ﬁj_le_l, forj=1,...,n — 1, by means of
1 1 1 .. 1
&4 - gl gy
D] = . S]’ UJ_ = s
o ';1
Hrjf1|| fj(j,l )

where S; is a diagonal matrix with =1 on the diagonal. The columns of the matrix [Afj_l
contain the coefficients of the residual polynomials.

5. Implementation of the algorithm. Let us investigate how the computation in the
algorithm at step k can be organized. As said, we have to solve a linear system with the matrix
VkTVk. We would like to compute the Cholesky factorization of this matrix incrementally. Let
us assume that we know the lower triangular matrix Lj_; such that Lk_lLf_l = V,QT_1 Vi_1.
Then, denote

L LT = [Vleijq Zk] ’
2, 1

with z, = VkT_lvk and

Liy 0
L = .
g [ A fk,lj

It is well known that by identification, we find that ¢, is obtained by solving the equation
kalgk = Zr = VkT_l’Uk and gk,k‘ =14/ 1-— fgfk

If we use this Cholesky factorization, then there will occur triangular solves that can slow
down the computations. Therefore it seems more promising to construct the inverses of the
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matrices L incrementally. Doing so, we can replace the triangular solves by matrix-vector
products. We have,

- Lt 0
Ly=L'= L ety 1
k _ek,keng—l Crk

We note that
T T -T y—1 T T T —1y,T T
fk gk = Uk Vk_lkalLkAVk,lvk = ’Uk Vk_l(Vk,lvk_l) Vk—lvk = ’Uk Pk_lvk,

where P _1 is the orthogonal projector onto the Krylov subspace of dimension k£ — 1. This
yields

lek = [|( = Pr—1)vg|-

Note that £}, ;, = 0 if and only if v, = Pj_1vg, which means that vy, € K;_1(A,b) and V}, is
not of full rank. We remark that

Pyqvp = Vi L5 L ViR jop = Vi L .

We can easily find (Py_jv;)T = ¢f L2V, | since ¢} L,;!| has to be computed to obtain
the last row of L,:l. The interest of computing £y, ;. in this way is that we are sure that £, ,, > 0.
The algorithm reads as follows(with g = 0):
ALGORITHM 1 (Q-OR-optinv).
Initialization phase
v = b/”bH, ’Ui4 = A’Ul, I~41 = 1,
w=vivd, a=(vf)Tvf —w?,

(e}
hig=w+ 2,
~ A o ~
0 =wv{ — h1v1, hopy = |7,

1~ A
Vg = 5-0, V5 = Avg,
hi1

Vil = 1’ Vi = T ha1?

T
V= [l/1,1 l/1,2]
End of initialization
Fork=2,...
Lov) =V o, vl = VI,
Ay = Lk—va/‘g/,
. y,{ = Esz—L

2
3
4. lfggfk <1, Ek,k =4/ 1-— Eggk, else (pZ)T = y,fV,gll, gk,k = ||vk 7p};
5

. Ly 0
Lk:[ ]flT 1]7

_ek,kyk Ci ke

il

6. EA = EkﬂiA, s = f/ng,

7. o= (UI?)TUI? — f?;EA, 8= 7(1),?‘)1@’
8.
hik
hige= | | =s+ Bex,

Rk
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9.
~ A ~ 1 T
0 =vj, — Vi bk, higpre = |0, ikl =~ V' g ks
k+1,k
T
V= [V1,1 V1,k+1] s

N ™ A _
10. vgyq = s and vi, | = Avgya,

11. if needed, solve Hyy® = ||b]|e; using Givens rotations, x;, = Viy(*).
End For k.

Note that the modulus of v ;1 gives the inverse of the (relative) norm of the Q-OR
residual at iteration k. Hence, we can compute the basis vectors, stop the iterations using
V1 k+1, and then reduce the upper Hessenberg matrix to upper triangular form to compute the
final approximate solution.

Unfortunately, in step 1, we have to compute VkT_lvk and VkTv,f, that is, 2k — 1 dot
products while there are only k dot products in the Arnoldi process (but, of course, when
the basis is orthonormal, V7' V;, = I). This is the price to pay for having a non-orthogonal
basis. The reader may wonder why we have derived an algorithm which delivers the same
residual norms as GMRES but with more floating point operations. However, the dot products
in Q-OR-optinv are all independent, and they can be computed in parallel contrary to the dot
products in the MGS implementation of GMRES.

As in the algorithm using the matrix U, there may also be breakdowns in the algorithm
using H. A problem occurs if there is an index k for which v{ Avj, = 0. Hence, the smallness
of v Avj, must be tested in step 7.

Of course, the previous algorithm can also be restarted every m iterations as it is done for
GMRES. Moreover, we can also easily use a preconditioner.

In one iteration of Q-OR-optinv, we have 2k dot products of length n. However, the dot
products VkTilvk and VkTv,;4 in step 1 can be computed as one dense matrix-matrix product
VI [vg, Avg], where the first matrix is k x n and the second one is n x 2. There are two
triangular matrix-vector products of order k£ and two of order k£ — 1 as well as two dot products
of length k. The two other operations are the dense matrix-vector product Vihi. 1 and a
(sparse) matrix-vector product Avy 1.

As we said above, even though we have more floating point operations in Q-OR-optinv
than in GMRES, this algorithm could be interesting for parallel computers since GMRES with
the modified Gram-Schmidt implementation is not fully parallel. It is not the topic of this
paper, but on a parallel computer, most of the operations can be replicated on every processing
unit. The global operations are the matrix-vector products V,” vy, and VkTv,;4 in step 1, the dot
product (v,f)Tv,’f, and an addition of vectors v,‘? — Vi Rk k- The first two of these operations
can be done in parallel using optimized codes for dense matrix-matrix products. Depending
on the way V}, is stored, the last operation can be done without communications.

6. Numerical experiments with Q-OR-optinv. In this section we consider a few linear
systems with nonsymmetric matrices, and we compare Q-OR-optinv (Algorithm 1) with
GMRES. The acronym GMRES will refer to GMRES with modified Gram-Schmidt orthogo-
nalization. The matrices come from the Matrix Market' or Tim Davis’ SuiteSparse Matrix
Collection® at Texas A&M University (formerly known as University of Florida matrix collec-
tion).

Imttp://math.nist.gov/MatrixMarket/
2https://sparse.tamu.edu/


http://etna.ricam.oeaw.ac.at
http://www.kent.edu
http://www.ricam.oeaw.ac.at
http://math.nist.gov/MatrixMarket/
https://sparse.tamu.edu/

ETNA

Kent State University and
Johann Radon Institute (RICAM)

146 G. MEURANT

Example 1. For the first problem, the matrix A is fs 680 I of order 680 scaled by the
inverse of its diagonal. It has 2184 nonzero entries. The norm of A is 3.8168, and its condition
number is 8.6944 103, the smallest singular value being 4.3900 10~*. This matrix is non-
normal. Let e be the vector with all its components equal to 1. Then, the right-hand side is
b= Ae,and 2y = 0.

Figure 6.1 displays the difference of the true residual norms of GMRES and Q-OR-optinv
as a function of the iteration number. It is smaller than 10713 except after the final stagnation.
Figure 6.2 shows the true residual norms of GMRES (plain curve) and Q-OR-optinv (dashed
curve). We see that they almost coincide except for the final stagnation. Q-OR-optinv yields a
better maximum attainable accuracy than GMRES by a factor of 9.

-12

10

104

107

107 M

1078}

107" L L L L L L L 10 L L L L SN T

FIG. 6.1. fs 680 Ic: difference between the residual FIG. 6.2. f5 680 Ic: residual norms of GMRES
norms of GMRES and Q-OR-optiny. (plain) and Q-OR-optinv (dashed).

Table 6.1 shows the maximum attainable accuracies with variants of GMRES and Q-OR-
optinv. CGS refers to the classical Gram-Schmidt algorithm. We use it also with reorthogonal-
ization and double reorthogonalization. MGS denotes the modified Gram-Schmidt algorithm,
and GMRES-Householder is an implementation using Householder reflections to generate
the basis; see [21]. GMRES-CGS has a much larger maximum attainable accuracy than the
other methods. Both GMRES-CGS and GMRES-MGS need a reorthogonalization to have a
maximum attainable accuracy comparable to what is obtained with Q-OR-optinv. Note that
doing a double reorthogonalization improves the results and that GMRES-Householder is
worse than GMRES-MGS with reorthogonalization.

TABLE 6.1
f5 680 Ic: true residual norms after 150 iterations.

Method ||b — ALL‘150H
GMRES-CGS 6.8377 10~ 11
GMRES-CGS with reorth. 2.79327 10714
GMRES-CGS with double reorth. | 1.75040 10— 14
GMRES-MGS 2.36046 10~13
GMRES-MGS with reorth. 2.51184 1014
GMRES-MGS with double reorth. | 1.59114 1014
GMRES-Householder 1.51153 10~ 13
Q-OR-optinv 2.59770 10~ 14
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Example 2. The second example is the matrix raefskyl 3242. This matrix is of order
3242 with 293409 nonzero entries. Its norm is 3.7095, and its condition number is 1.2885 10%.
The smallest singular value is 2.8789 10~%. This matrix is non-normal. In Figure 6.3 we
observe that the difference of the residual norms of GMRES and Q-OR-optinv is almost less
than 10~16 for most of the iterations. We have the same conclusions as for the first example;
see Figure 6.4. There is a factor of 1.8 between the maximum attainable accuracies.

10

107}

100

1078

0

107}

102 L L L L L L L 107

FIG. 6.3. raefskyl 3242: difference between the FIG. 6.4. raefskyl 3242: residual norms of GMRES
residual norms of GMRES and Q-OR-optinv. (plain) and Q-OR-optinv (dashed).

Table 6.2 shows the maximum attainable accuracies with variants of GMRES and Q-OR-
optinv. The best maximum attainable accuracy is obtained with Q-OR-optinv which is slightly
better than GMRES-CGS with reorthogonalization.

TABLE 6.2
raefskyl 3242: true residual norms after 350 iterations.

Method ||b — A$350H
GMRES-CGS 5.00382 10~
GMRES-CGS with reorth. 1.72941 10~ 17
GMRES-CGS with double reorth. | 1.83714 1017
GMRES-MGS 2.55978 10717
GMRES-MGS with reorth. 1.85462 10~17
GMRES-MGS with double reorth. | 1.90070 1017
GMRES-Householder 2.42497 10717
Q-OR-optinv 1.32132 10717

Example 3. The third example is the symmetric matrix Trefethen 500. This matrix is
of order 500 with 8478 nonzero entries. Its norm is 3.5712 102, and its condition number
is 3.1856 103. The smallest singular value is 1.1210. Figure 6.5 displays the difference of
the residual norms of GMRES and Q-OR-optinv as a function of the iteration number for
150 iterations. It is smaller than 10~1* except after the final stagnation. Figure 6.2 shows
the residual norms of GMRES (plain curve) and Q-OR-optinv (dashed curve). Q-OR-optinv
yields a better maximum attainable accuracy than GMRES by a factor of 11.77.

Table 6.3 displays the maximum attainable accuracies with variants of GMRES and
Q-OR-optinv. The best result is obtained with Q-OR-optinv which is an order of magnitude
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better than the other methods.
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FIG. 6.5. Trefethen 500: difference between the FIG. 6.6. Trefethen 500: residual norms of GMRES

residual norms of GMRES and Q-OR-optinv. (plain) and Q-OR-optinv (dashed).
TABLE 6.3
Trefethen 500: true residual norms after 300 iterations.
Method Hb — AIgoo ||
GMRES-CGS 9.27328 1012
GMRES-CGS with reorth. 3.39014 1013
GMRES-CGS with double reorth. | 2.93607 10~13
GMRES-MGS 5.80063 1013
GMRES-MGS with reorth. 2.95675 10713
GMRES-MGS with double reorth. | 3.28948 1013
GMRES-Householder 5.46732 10713
Q-OR-optinv 4.92909 10~

Example 4. The fourth example arises from using the SUPG scheme (Streamwise upwind
Galerkin) to discretize a convection-diffusion equation on a square with a mesh size of
1/41; see [12]. The diffusion coefficient is 0.01. The stabilization coefficient is computed
automatically. This matrix is of order 1600 and has 13924 nonzero entries. Its norm is
4.8716 1072, and the condition number is 40.518. The smallest singular value is 9.8379 10~
This matrix is non-normal. Once again, the maximum attainable accuracy is slightly better
with Q-OR-optinv than with GMRES by a factor of 2.43; see Figures 6.7 and 6.8.

Table 6.4 displays the maximum attainable accuracies with variants of GMRES and
Q-OR-optinv. Again, Q-OR-optinv gives the best maximum attainable accuracy even though
GMRES-MGS with reorthogonalization is not too far away.

Example 5. The matrix bcsstkl14 of order 1806 has 63454 nonzero entries. Its norm is
1.1923 100 as well as its condition number. It is a symmetric matrix. The eigenvalues are
real with the smallest one being equal to 1. We use a left Gauss-Seidel preconditioner since,
otherwise, the methods converge too slowly. It makes the matrix nonsymmetric. This example
is quite interesting since if we continue iterating with GMRES, after reaching a minimum, the
norm of the true residual increases (which is not in accordance with the theoretical properties
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FIG. 6.8. Supg001 1600: residual norms of GMRES

(plain) and Q-OR-optinv (dashed).

TABLE 6.4

Supg001 1600: true residual norms after 200 iterations.

Method

Hb—A$200||

GMRES-CGS

GMRES-CGS with reorth.

GMRES-CGS with double reorth.

GMRES-MGS

GMRES-MGS with reorth.

GMRES-MGS with double reorth.

GMRES-Householder

Q-OR-optinv

1.54043 10~ 13
7.05585 10715
7.23790 1015
1.33776 10~ 14
6.70649 1015
6.70339 10~15
1.03229 10~ 14
5.50626 10~1°

of GMRES), whereas this is not the case with reorthogonalization or with Q-OR-optinv; see
Figures 6.9 and 6.10. It happens because the matrices whose columns are the Arnoldi basis
vectors are no longer orthonormal. Their smallest singular values become small after iteration

400.

Table 6.5 shows the maximum attainable accuracies with variants of GMRES and Q-OR-
optinv. The best maximum attainable accuracy is given by Q-OR-optinv, but the methods with
reorthogonalization give almost the same result.

TABLE 6.5

besstk14 1806: true residual norms after 600 iterations.

Method

|6 — Azgoo]|

GMRES-CGS

GMRES-CGS with reorth.

GMRES-CGS with double reorth.

GMRES-MGS

GMRES-MGS with reorth.

GMRES-MGS with double reorth.

GMRES-Householder

Q-OR-optinv

2.77022 102
1.14254 10~ 11
0.41352 10~ 12
1.17811 106
1.15320 10~ 11
1.20222 10~ 11
9.34302 10°
1.04931 10~ 11
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FIG. 6.9. Bcsstki4 1806: difference between the FIG. 6.10. Besstki4 1806: residual norms of GM-
residual norms of GMRES and Q-OR-optinv, Gauss-Seidel RES (plain) and Q-OR-optinv (dashed), Gauss-Seidel pre-
preconditioning. conditioning.

Other examples. Even though for most examples, Q-OR-optinv gives a maximum
attainable accuracy better than or equal to GMRES-MGS, there are some problems for which
it is the opposite case. One such problem is e05r0500 of order 236. With this matrix, GMRES
has a phase of quasi-stagnation for more than 150 iterations, and then the true residual norm
decreases rapidly. The residual norm after 250 iterations is 2.1615 10~!! for GMRES and
1.0196 10~8 for Q-OR-optinv. There are also examples with matrices in block Jordan form
for which the accuracy of Q-OR-optinv is worse than the accuracy of GMRES-MGS.

7. Handling of breakdowns. A stagnation of the residual norms in GMRES corresponds
to a small (or zero) value of fukTAvk in step 7 of the Q-OR-optinv algorithm. One possible way
to cure this breakdown is to allow the algorithm to be sub-optimal for the given iteration. This
can be achieved by testing v{ Avy, and, if it is too small, modifying the previous components
of v as (1 —t;)v;, where t; is a random number in (0, 1) with a uniform distribution.

Let us consider an example of a linear system of order 10. The matrix and the right-hand
side are constructed using the results of [2] to obtain the following GMRES residual norms for
k=0,1,...,9,

1,0.9,0.5,0.1,0.1,0.1,0.05,0.01, 0.001, 0.0001.

In Figure 7.1 the plain curve shows the GMRES residual norms, the dashed curve displays
the Q-OR-optinv residual norms if we do not apply any remedy to the breakdowns; we see that
the breakdowns hamper convergence. The curve with stars is what we obtain when applying
the remedy described above. We have an increase of the residual norm for a while but then
we recover the GMRES convergence curve. However, this way of handling the possible
breakdowns requires further theoretical and numerical studies.

8. Conclusion. In this paper we have shown that it is possible to construct a non-
orthogonal basis for the Krylov subspace such that the Q-OR corresponding method yields
the same residual norms as GMRES. Even though there are more floating point operations
than in GMRES, this Q-OR optimal method gives in many cases a better maximum attainable
accuracy than GMRES-MGS. It also offers more opportunity for parallelization. It remains to
study the stability of the new method and to implement it on a parallel computer. Moreover,
we plan to investigate truncated versions of the Q-OR method as well as the possibility of
using the tridiagonal inverse of V;1'V}, when the method is used with restarts.
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FIG. 7.1. True residual norms, GMRES (plain), Q-OR-optinv (dashed), Q-OR-optinv with cure (stars).
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